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Nanoscale characterisation of arterial 

stiffening 

Author: Zhuo Chang 

Abstract  

Arterial stiffening as part of the natural ageing process is strongly linked to cardiovascular 

risk. Although arterial stiffening is routinely measured in vivo, little is known about how 

localised changes in artery structure and biomechanics contribute to in vivo arterial stiffening. 

This is mainly due to the limitation of the conventional mechanical testing methods.  

To circumvent this challenge, a novel nano-scale structural and mechanical characterisation 

technique, known as PeakForce Quantitative Nanomechanical Mapping (QNM) technique, 

was developed in a zebrafish model. Using the zebrafish vertebral column, the utility of the 

PeakForce QNM for probing small-scale biological samples and structures was validated, 

which paved the way to probe human artery and investigate the localised alterations in artery 

structure in vitro with arterial stiffening.  

Human internal mammary artery (IMA) was used as a model vessel for understanding the 

development of arterial stiffening in this thesis. This thesis focuses on the role of the tunica 

media and the outmost layer, the tunica adventitia, in arterial stiffening. Using the PeakFoce 

QNM, the hydrated and dehydrated arterial sections were tested that provided data on nano-

scale changes in collagen fibril structure and mechanical properties in the hydrated media, 

dehydrated media and adventitia and showed how they related to in vivo stiffness 

measurements in the vascular system. The indentation depth for AFM measurement on the 

IMA tissues of 5 µm thickness were controlled at 20 nm and 5 nm in liquid and ambient 

conditions respectively and thus the indentation depth/tissue thickness ratio was 0.4% and 0.1% 
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for the hydrated and dehydrated samples respectively. Furthermore, integrating the findings 

in this thesis with the proteome analysis data, the localised alterations in the collagen and 

ultrastructure were explained, and the in vivo arterial stiffening, nanomechanical and 

structural changes in artery biopsy samples were linked. This approach could be used to 

develop new diagnostic methods for vascular disease.  
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Structure of Thesis  

This thesis consists of seven chapters: 

• Chapter 1 highlights the research motivation, aims and objectives of this thesis. The 

layout of this thesis and author’s publications are summarised. 

• Chapter 2 provides an overview of arterial structure, and stiffening-related changes 

in the arterial wall. The diverse techniques and methods used for characterising 

arterial biomechanics are introduced, with a focus on nanoscale techniques. 

• Chapter 3 demonstrates the utility of the AFM PeakForce QNM (which is explained 

in detail in Chapter 2 Section 2.6) as a tool for characterising the properties of small-

scale biological samples. This chapter focusses on zebrafish vertebral bone samples 

and explores the relationship between elastic modulus values obtained via PeakForce 

QNM and the features of bone tissue ultrastructure. 

• Chapter 4 describes the ultrastructural properties in the adventitia of the human IMA 

in patients with low and high arterial stiffness. The mechanical and morphological 

alterations in adventitial collagen fibrils that dominant in the IMA adventitia are 

integrated with the SLRPs expression for assessing the correlation between 

ultrastructural changes and arterial stiffening. 

• Chapter 5 describes how the changes in the ultrastructure of the IMA tunica media in 

hydrated and dehydrated conditions in patients with severe arterial stiffening. This 

chapter also develops the nanoscale assessment in the fluid environment and 

compares the nanomechanical mapping of hydrated media to previous measurements 

in dehydrated samples.  
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• Chapter 6 discusses and compares our experimental results to the similar studies. 

Limitations of the work and suggestions for continuing the current studies presented 

in this thesis are also discussed and outlined in this chapter. 

• Chapter 7 concludes the overall key findings and contributions of the research work 

in this thesis. 

Clinical parameters and histological images for each patient are summarised in Appendix A 

and C respectively. The elastin content of the IMAs assessed and conducted by Prof. 

Rasmussen is presented in Appendix D. The calibration procedure for the PeakForce QNM 

mechanical mapping is described in Appendix B. AFM images with adventitial and medial 

collagen fibrils for measurements are presented in Appendix E and G respectively. The 

custom-made macro for assessing adventitial collagen fibrils are presented in Appendix F.  
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Chapter 1  

Introduction 

 

 

This chapter introduces the motivation of this research. The aims and objectives of this thesis 

are described. All of the relevant publications are summarised in the end. 
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1.1 Motivation 

Arterial stiffening is closely associated with the progression of cardiovascular diseases 

(CVDs) which is the leading cause of mortality in the UK, Europe and worldwide. The 

British Heart Foundation reported the total number of CVD associated mortality was 152, 

465 (accounting for 25.5% of overall deaths) in the UK in 2016 (Cardiovascular Disease 

Statistics 2018, British Heart Foundation). CVD has also caused more than 4 million deaths 

from 2013 to 2016, corresponding to 45% of total deaths in Europe. A significant increase in 

CVD related deaths worldwide that from 12.3, 15.6 to 17.3 million happened from 1990, 

2010 to 2013. Moreover, CVD represents a serve economic burden all over the world that it 

caused approximately US$863 billion in direct healthcare cost and the cost is estimated to 

reach an astonishing US$20 trillion by the year 2030 (Bloom et al., 2012).  

Because of resolution limitation of conventional mechanical testing techniques, arterial 

stiffening studies are mostly focused on the whole vessel level and alterations in the vessel 

overall. However, recent evidence suggests that greater insight can be obtained in 

understanding disease and ageing by focussing on alterations in the extracellular matrix 

(ECM) architecture and also specific structural components at the micro- and the nano-scale 

(Kohn et al., 2015, Akhtar et al., 2011). Hence, given that the architectural constructions and 

constitutions of each layer vary, it is important to probe the nanostructure and mechanical 

properties of individual layers within the artery to understand the mechanisms driving arterial 

stiffening.  

Hence, this thesis is motivated by the urgent need to develop a systematic nanoscale approach 

to characterise the localised ultrastructure changes at the nanoscale. To circumvent the 

problems described above, the work in this thesis has utilised an atomic force microscopy 

(AFM) based PeakForce Quantitative Nanomechanical Mapping (QNM) technique which has 
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recently been developed (Young et al., 2011) and increasingly being used for biological 

studies (Berquand, 2011, Sweers et al., 2011, Pretorius et al., 2014, Eghiaian et al., 2015). 

Firstly, to validate the utility of this technique and model the stiffening process, a suitable 

alternative to mammalian animal models is needed to comply with the ‘3Rs’ (reduce, refine 

and replace) approach of animal use for scientific studies (Vliegenthart et al., 2014). 

Secondly, although the microscale mechanical variations and disease-related changes have 

been assessed and associated with the elastic lamellae in the aorta (Akhtar et al., 2014), 

information on how the mechanical alterations in the other key tissue components are limited. 

Given the gap in the understanding between the pathology and the mechanisms driving 

arterial stiffening, this study seeks to a good target in the arterial wall to reflect the 

development of arterial stiffening and even other diseases and ageing. Finally, the majority of 

studies have focused on the characterising the alterations in intimal and media layers with 

arterial stiffening (Wolinsky and Glagov, 1964). However, the adventitia has received less 

attention, although it is dominant during high-pressure loading and plays an important role in 

several vascular processes and ageing process (Majesky et al., 2012). Hence, this study aims 

to locally characterise the arterial stiffening driven alterations across the arterial wall, 

especially the changes in tunica adventitia.  
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1.2 Aims and Objectives  

The overall aim of this study is to characterise changes in the ultrastructural and 

nanomechanical properties of the human internal mammary artery (IMA) in patients with a 

high degree of arterial stiffening. This aim will be achieved through the following objectives: 

• The first objective of this thesis is to explore the utility of the AFM PeakForce QNM 

for probing localised nanomechanical and structural properties of small biological 

samples using a zebrafish model. 

• The second objective is to experimentally determine the ultrastructural and 

nanomechanical changes in the adventitia of the human IMA in patients with low and 

high arterial stiffening. 

• The third objective is to characterise the structural and mechanical alterations in the 

medial ultrastructure of the human IMA in patients with normal and high degree of 

arterial stiffness. 

• The fourth objective is the development of nanomechanical mapping of hydrated 

biological tissues in a fluid environment using the human IMAs and compares with 

the measurements in air condition.  

• The final objective is to link ultrastructural changes across the human IMA with the 

expression of extracellular matrix proteins that have associated with high degree of 

arterial stiffness.  
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Chapter 2 

Literature review  

 

 

The literature review provides comprehensive background information on all of the involved 

topics within this thesis. Section 2.1 briefly introduces the CVDs and the burden of CVD 

within the UK, Europe and worldwide. Section 2.2 presents arterial stiffening and the clinical 

method for assessing arterial stiffness (pulse wave velocity (PWV)). In Section 2.3, arterial 

structure and its key tissue components, and classification of human arteries are described. 

Section 2.4 elaborates how the current mechanical testing methods characterise biomechanics 

of arterial wall from the macro- to the nano-scale. Changes in different tissue components 

with arterial stiffening are summarised in Section 2.5. Finally, Section 2.6 emphasises the 

main techniques employed in this thesis, the AFM and PeakForce QNM method.  
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2.1 CVDs  

2.1.1 Background  

With industrialisation, the health status and physical conditions of humans have been closely 

linked to the level of their economic and social development. Nowadays, the major causes of 

death and disability in our societies has shifted from nutritional malnutrition and infectious 

diseases to a variety of chronic and noncommunicable diseases, such as CVDs, cancer and 

diabetes. Noncommunicable diseases are major global public health challenges of the 21st 

century among which CVDs have become the leading causes of mortality globally, 

especially in developing countries. (Mendis and Chestnov, 2014) CVD is a class of diseases 

that involve the heart and circulation, also known as blood vessels, and there are 4 main 

types of CVD associated with varying diseases (Figure 2.1) (Mendis et al., 2011). For 

example, coronary heart disease occurs with reduced blood supply to the heart muscle and 

leads to angina, heart attacks and heart failure. Stroke happens when the blood supply to the 

brain is interrupted; it may cause brain damage and even brain death. With blockage in the 

arteries from the heart to the limbs and at aorta, the peripheral arteries and aorta can become 

weakened and over-expanded, causing what are known as peripheral arterial and aortic 

diseases, respectively. The underlying risk factors of CVDs are various factors involving 

hypertension (Sowers et al., 2001), smoking (Ambrose and Barua, 2004), age (North and 

Sinclair, 2012) and diabetes (Sowers et al., 2001). 
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Figure 2.1 Global mortality in 2017 and major types and causes of CVDs. CVDs, as the leading 

cause of death in non-communicable diseases, took the lives of 17.3 million people (31%) in 2017. 

Data from World Health Organization. 

 

2.1.2 CVD in the UK, Europe and worldwide 

Diseases of the heart and circulatory system are the leading causes of mortality in the UK, 

Europe and all over the world. The British Heart Foundation reported that CVD was one of 

the two leading causes of death in the UK in 2016, accounting for 25.5% of overall deaths 

(Cardiovascular Disease Statistics 2018, British Heart Foundation). Another primary cause 

of death in the UK is cancer that accounts for 28.5% of the overall mortality. However, CVD 

still caused a larger number of deaths in Europe and was responsible for more than 4 million 

deaths from 2013 to 2016, corresponding to 45% of total deaths (Figure 2.2A). Overall, 

CVD is estimated to cost the EU economy US$260 billion a year. Globally, a series of up-to-

date studies of Global Burden of Disease from 1990, 2010 to 2013 reported a profound 

increase in CVD related deaths that range from 12.3, 15.6 to 17.3 million deaths worldwide, 

accounting for 25.9%, 29.6% to 31.5%, respectively of all deaths worldwide (Figure 2.2B) 
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(Nichols et al., 2014, Townsend et al., 2016). In 2010 alone, CVD caused approximately 

US$863 billion in direct healthcare cost, which is estimated to reach an astonishing US$20 

trillion by the year 2030 (Bloom et al., 2012). Although notable efforts have been made to 

tackle CVD, there is still a lack of a comprehensive programme for early detection, 

prevention and treatment. Mortality and morbidity from CVD remain the chief causes of 

death all over the world, especially in low- and middle-income countries, where about 80% 

of the cardiovascular burden is borne (Mendis and Chestnov, 2014). Therefore, CVDs are 

not solely public health issues, but more importantly a significant economic burden to the 

sustainable development of many countries. 

 

 

Figure 2.2 Proportion and number of CVDs causing death within (A) Europe and (B) all over 

the world. (A) Major CVDs and their proportion (Townsend et al., 2016). (B) Total mortality 

and proportion of global death from 1990 (Abubakar et al., 2015), 2010 (Townsend et al., 2015) 

to 2013 (Townsend et al., 2016). 
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2.2 Arterial stiffening  

2.2.1 Background  

Arterial stiffness refers to the reduced capability of an artery to expand (vasodilatation) and 

contract (vasoconstriction) in response to altered pressures, which can be described by 

parameters involving compliance (C) and distensibility (D). Generally, arterial wall stiffens 

with age, accompanied by luminal enlargement and wall thickening (remodelling) and a 

reduction of elastic properties (stiffening) namely arteriosclerosis (Izzo Jr and Shykoff, 2001). 

In recent years, there has been a dramatic resurgence of interest in the process of arterial 

stiffening and its biochemical and biomechanical changes. The structural changes or 

extracellular matrix modifications with ageing within the intima, media and adventitial layers 

include elevated collagen deposition, reduction in elastin and advanced glycation end-

products (AGEs) accumulation (Kohn et al., 2015, Fonck et al., 2009, Sell and Monnier, 

2012, Sherratt, 2009) 

2.2.2 Relationship between arterial stiffening and CVD  

Arterial stiffening as a hallmark of normal ageing is recognised as an independent predictor 

of cardiovascular mortality (Cecelja and Chowienczyk, 2012). Increasing numbers of studies 

have evidenced that stiffening in the larger central arterial wall is positively associated with 

CVDs, including coronary artery disease and atherosclerosis (Cecelja and Chowienczyk, 

2012). 
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2.2.3 Assessment of arterial stiffening with PWV 

PWV is an in vivo technique used routinely in a clinical setting to assess arterial stiffening 

and to predict CVDs. A PWV value is determined from the time difference of a pulse 

between two separate areas of the body, usually the carotid and femoral arteries (Figure 2.3). 

 

Figure 2.3 Schematic diagram demonstrating basis of PWV. The distance between the carotid 

and femoral sites can be measured using body surface landmarks for most accurate estimation 

of the arterial path length and accurate PWV calculation. As the pulse wave passes through the 

artery, the time taken of the two wave points is recorded. 

 

The physical distance between these two distinct points is measured on the surface of the 

body; thereby the pulse wave velocity can be determined as the ratio of distance travelled to 

elapsed time (Laurent et al., 2006). Aortic PWV is a powerful predictor of risk of morbidity 

and mortality including for patients with diabetes (Cruickshank et al., 2002) and hypertension 

(Blacher et al., 1999). More importantly, the measurement of PWV is often referred to as a 

gold standard in aortic stiffness assessment to cardiovascular risk estimation, and it exhibits 
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profound positive correlation with aortic PWV (Podolec et al., 2007). Based on the Moens-

Korteweg equation (Newman and Greenwald, 1978), the PWV value is directly related to the 

incremental elastic modulus of the arterial wall, which takes into account the vessel radius, 

vessel wall thickness and blood density. The Moens-Korteweg equation demonstrates the 

relationship between the PWV and the arterial stiffness, which can be simplified as  

                                            𝑃𝑊𝑉 =  √
𝐸𝑎ℎ

2𝑝𝑟
                                                      (1) 

where r and p are the lumen radius and the blood density, respectively. Ea and h give the 

mean Young's modulus and thickness of the arterial wall. 

PWV value is inversely correlated with artery distensibility and compliance (Cecelja and 

Chowienczyk, 2012). However, the measurement of PWV does not take into account the 

progressive loss of the cushioning function from the ascending aorta (elastic artery) to the 

less elastic peripheral arteries and muscular arteries (Laurent et al., 2006). Reference and 

normal values of PWV in healthy individuals at different ages have been well documented 

(Collaboration, 2010, Reusz et al., 2010).  

2.3 Arterial structure and classification 

2.3.1 Arterial structure 

2.3.1.1 Tunica intima 

The intimal layer is defined as the innermost layer of the arterial wall and consists of two 

layers: (a) the luminal layer, known as the basal membrane, is comprised of a thin basement 

membrane with a proteoglycan-rich matrix and few collagen (Figure 2.4A) (Gasser et al., 
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2006). There is normally a single layer of endothelial cells (ECs) attached at the luminal layer 

where these ECs partly regulate the vascular homeostasis. (b) The second intimal layer 

known as the sub-endothelial layer consists of elastin and collagen fibres, which anchor the 

EC layer to the internal elastic lamina. (Stary et al., 1992) The intimal collagen fibres, 

primarily of type I and III, are dispersed, while the intimal elastin forms the three-

dimensional network of elastic fibres (Shekhonin et al., 1985, Gasser et al., 2006). 

Although the mechanical properties of the intima are not well studied due to its relatively thin 

thickness compared to the dominant media and adventitia in the arterial wall, tunica intima is 

vital in atherosclerosis and restenosis (Stary et al., 1992). Recent evidence has shown that 

ECs are mechanosensitive to matrix stiffness and lead to intimal stiffening and endothelial 

dysfunction, implying that the biomechanics of the intima may associate with CVDs (Huynh 

et al., 2011, Califano and Reinhart-King, 2010). Histopathologic examination of the tunic 

intima has shown that the ECs play a key role in mediating the mechanical and chemical 

response by secreting various vasoactive molecule and growth factors (Isenberg and Wong, 

2006). Interestingly, a recent study has shown that ECs are mechanosensitive to the stiffening 

of intimal ECM through increased cell permeability, which results in the disruption of 

endothelial monolayer and atherosclerosis pathogenesis (Huynh et al., 2011). 
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Figure 2.4 Schematic representation of the hierarchical structure of the mammalian aorta from 

macro-, micro- to nano-scale. (A) The arterial wall is divided into three distinct layers with 

different components at the macroscale. (B) At the microscale, medial aortic microstructure was 

studied by O’Connell et al. (O'Connell et al., 2008). Image dimensions (θ × Z × r) are 80μm × 

60μm × 45μm, with the lumen surface at the top (r represents radial direction, z axial, and θ 

circumferential). 

 

2.3.1.2 Tunica media 

The tunica media is separated from the intima and adventitia by the internal elastic lamina 

(IEL) and external elastic lamina (EEL), respectively (Wagenseil and Mecham, 2009). The 

medial layer is composed of repeating medial lamellar units (MLU) which are the structural 

and functional units of arteries (Akhtar et al., 2011). In Connell and Murthy’s MLU model 

(O'Connell et al., 2008), the MLU is comprised of approximately 47% collagen, 29% elastin 

and 24% SMCs, which together constitute the framework of the MLU. Each MLU is 

composed of parallel layer-by-layer elastic lamellae by thick elastic fibres between which are 
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sandwiched and reinforced by a dense network of finer inter-lamellar elastin fibres and 

elastin struts, as well as SMCs. The number of concentric lamellae layers in the media 

remains constant with age (Wolinsky and Glagov, 1967). Hence, the tunica media responds to 

the mechanical stress as a homogeneous material, though it is histologically heterogeneous. 

Specific collagen types have been identified by using polarised light microscopy, indicating 

that there have two major types of collagen (type I: 30% and type III: 70%) in the tunica 

media (O'Connell et al., 2008). These collagen fibres are dispersed in the interstices and are 

arranged circumferentially (Figure 2.4B). The SMCs are circumferentially oriented and 

coherently aligned in the media among the fine elastin and collagen fibres, and connect to the 

latter (O'Connell et al., 2008, Wagenseil and Mecham, 2009). Since the majority of the 

arterial wall is comprised of the characteristic medial lamellae, tunica media is recognised as 

playing a dominant role in arterial mechanical behaviour (Holzapfel et al., 2005). The tunica 

media is mainly responsible for the elastic recoil to maintain the blood pressure during 

diastole. The specialised structural arrangement drives the tunica media to resist high loads in 

the circumferential direction. More importantly, the characteristic lamellae of the media play 

a vital role in the arterial wall bulk and attribute to the mechanical properties of the artery to 

withstand blood pressure. Therefore, the number of lamellar units is closely related to the 

tension that the arteries need to withstand, which means that the higher wall tension the 

arterial walls experience, the more elastic layers and larger diameter they have (Shadwick, 

1999, Holzapfel et al., 2005). At physiological pressures, the medial mechanical property is 

dominated by elastin within the medial lamella (Greenwald et al., 1997). Under axial stretch 

and non-axisymmetric deformation, the media is profoundly less compliant than the 

adventitia (Pandit et al., 2005, Yu et al., 1993). Under circumferential and longitudinal 

tensions, the media bears approximately 60% and 25% of the load respectively (Holzapfel et 

al., 2005, Pandit et al., 2005). When the artery is subjected to a pressure, the elastin fibres 
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exhibit high recoil properties and initially stretched (low strain), and then at higher load and 

tension, the stiffer collagen fibres are recruited (Samila and Carter, 1981). 

2.3.1.3 Tunica adventitia  

The tunica adventitia is the outmost layer of arterial wall and mainly consists of fibroblasts 

and circumferentially oriented, thick wavy bundles of collagen fibres with a reinforced and 

support component of longitudinal fibrils (Figure 2.4A) (Fleenor et al., 2010). These collagen 

fibrils, primarily of type I, are intermixed with elastin to form typical fibrous tissue, with 

some dispersed fibroblasts and are surrounded by loose connective tissue. The orientation of 

the collagen fibres is dispersed where the inner adventitial collagen fibres are thin and highly 

oriented, and interwoven with elastin allowing for arterial distension and protection against 

rupture, while the outer adventitial collagen fibres are thick and less tightly packed and are 

likely to be more load bearing (Figure 2.4A) (Rezakhaniha et al., 2012, Finlay et al., 1998). 

Adventitial mechanics is mainly attributed to the collagen organisation, and these collagen 

fibres ensure the adventitia to be much less stiff at low pressure or the stress-free 

configuration, by which the collagen fibres are embedded with crimped morphology in the 

soft ground-matrix (Zoumi et al., 2004). Under circumferential and longitudinal tensions, the 

adventitia bears approximately 40% and 75% of the load, respectively (Holzapfel et al., 2005, 

Pandit et al., 2005). At high pressure and strain of the arterial wall, these collagen fibres can 

be stretched to reach their straightened lengths that give them the ability to prevent the artery 

from overstretch and rupture to the adventitia (Berillis, 2013). 

2.3.1.4 Collagen 

In arterial wall, collagen is the ubiquitous central load-bearing element which forms the 

fundamental arterial structure. The structural arrangement of collagen not only contributes to 
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the anisotropic mechanical behaviour of the arterial wall but also allows for cellular 

attachment. To date, there are 28 different types of collagen and collagen-like proteins and 

they are grouped into 8 sub-families, among which fibrillar collagen, including type I, II, III, 

V, XI, draws the most attention because of its biomechanical properties and characterised 

repeating banding pattern known as D-period (Fratzl, 2008). Within the collagen fibril, 

collagen molecules with a length of 300 nm and width of 1.5 nm are staggered parallel 

aligned to form the gap and overlap regions of the D-period (Figure 2.5A) (Kadler et al., 

1996). As two of the significant collagens in an artery, type I collagen comprises 

approximately 2/3 of the total collagen and is the most predominant in all layers of the artery, 

whereas type III collagen is more prominent in the media than in the other layers (Shekhonin 

et al., 1985) (Figure 2.5A). 
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Figure 2.5 Structures of major arterial ECM components, including collagen, elastin, SMC and 

proteoglycans, are demonstrated at the nanoscale. (A) Collagen fibrils exhibit a characteristic 

gap and overlap regions known as the D-period (~ 67 nm) which is formed by staggered parallel 

aligned collagen molecules (length = 300nm; diameter = 1.5 nm). A collagen molecule is 

composed of three polypeptide strands with a left-handed helix, named alpha chain. (B) An 

elastic fibre (thickness = 2 - 3 μm) consists of the outer microfibrillar mantle with characteristic 

repeating structures and inner amorphous crosslink elastin. (C) SMCs. (D) and (E) 

Proteoglycans. 

 

The collagen molecular packing of collagen fibril has been extensively studied. As defined by 

the Hodge-Petruska model (Petruska and Hodge, 1964) and Orgel et al. (Orgel et al., 2006), 

within a collagen fibril, collagen molecules are parallelly aligned giving a repeating 

gap/overlap pattern, resulting in the characteristic collagen D-period. Fang et al. (Fang et al., 

2012) recently demonstrated two collagen fibril bundle formation, which is still an open 

question and a poorly understood phenomenon in fibrillogenic models.  

Collagen D-period was characterised by electron microscopy (Schmitt et al., 1942), X-ray 

scattering studies (Parry, 1988) and AFM (Fang et al., 2012, Wallace et al., 2011) that the D-

period is around 67 nm. Collagen size (diameter) varies widely in different tissues ranging 
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from above a micron in the tendon to below 40 nm in the cornea. Collagen fibrils are initially 

formed as short fibril intermediates, and then they are matured through linear and lateral 

growth. Christiansen et al. (Christiansen et al., 2000) studied the collagen fibril assembly in 

which fibril subunits, called sub-fibrils, are critical for collagen fibril growth via affecting the 

lateral or linear aggregation and fusion, as well as the cross-link. The small leucine-rich 

repeat proteoglycans (SLRPs) interact with the fibril surface via forming a composite 

structure and are involved in the regulation of the later stages in fibril growth and fibril 

packing (Figure 2.5E).  

Next in the hierarchical level of collagen in ECM is the organisation of collagen fibrils into 

collagen bundles at micrometre to millimetre scale, which is a group of parallel fibrils linked 

with each other via interfibrillar cross-links (Eyre and Wu, 2005).  

2.3.1.5 Elastin 

Elastic fibres are a major insoluble ECM component of the arterial wall with both structural 

and biological signalling functions. The mature elastic fibres consist of an outer microfibrillar 

mantle and an inner core of amorphous crosslinked elastin (Figure 2.5B). They are incredibly 

stable and have a slow turnover rate, lasting the entire lifespan (Mecham and Birk, 2013). In 

an arterial wall, elastic fibres possess remarkable longevity lasting for over 70 years and 

maintain the ability to recoil 3×109 times (Sherratt, 2009). Arterial elastin is synthesised and 

secreted by SMCs in the medial layer during late foetal and early postnatal development. 

Following post-translational modification and cross-linking, in the tunica media, elastic fibres 

form concentric fenestrated lamellar separated by SMC layers, which endows the arterial wall 

with elasticity and resilience (O'Connell et al., 2008). The number of elastic lamellar 

decreases from 40 - 70 in conducting arteries such as the aorta, to fewer than ten in the 

smaller resistance arteries. The elastic lamella has a predominant role in arterial 
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biomechanics which is to absorb the hemodynamic stress of cardiac systole and release this 

energy to maintain the sustained blood pressure during diastole (Brooke et al., 2003). 

Elastin is essential during vascular morphogenesis and functions to maintain the homeostasis 

of the mature vessel wall. Researchers have unravelled the biological roles of elastin in 

arterial tissues. For example, elastin has been proved to be critical in arterial morphogenesis, 

stabilising the arterial structure and regulating SMC proliferation (Li et al., 1998). More 

importantly, elastin matrix is deposited in the arterial media and appears to negatively 

regulate SMC proliferation, migration, and differentiation within the arterial wall (Ito et al., 

1998). Therefore, the disruption of elastin-SMC interactions is not only a stimulus for cellular 

activity during vascular occlusion but also an essential contributor to the pathogenesis of the 

human vascular disease, including hypertension, atherosclerosis and restenosis (Brooke et al., 

2003). 

2.3.1.6 SMCs  

In an artery, SMCs (Figure 2.5C) play an important role in synthesising and organising 

specific ECM which is responsible for the mechanical properties of the arterial wall, though 

the SMC itself contributes little to the static mechanical properties of the wall in elastic 

arteries (Lacolley et al., 2017). Mechanical connection and signalling between SMCs and the 

ECM are likely to be responsible for the arterial mechanical properties (Qiu et al., 2010).  

2.3.1.7 Proteoglycans and small leucine-rich proteoglycans (SLRPs) 

Proteoglycans are a group of complex and diverse macromolecules that are functionally 

essential for arterial wall. They can be categorised into two classes by their relative sizes: 

large proteoglycans (such as aggrecan and versican) that form large aggregates by interaction 
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with hyaluronan and SLRPs (such as decorin, biglycan, lumican and mimican) (Figure 2.5D 

and 2.5E).  

The SLRP is likely to bind ECM molecules such as collagen, tropoelastin, fibronectin, and 

fibrillin microfibrils (Reinboth et al., 2002) to regulate tissue structure and functions. SLRPs 

are a family of essential and ubiquitous biological active ECM components which have been 

identified to involve in the ECM assembly and cell-matrix interactions. In a blood vessel, 

SLRPs play a crucial role in arterial tissue integrity by regulating synthesis, construction and 

remodelling of ECM components like collagen, elastin and SMCs. SLRPs also show promise 

as novel biomarkers for CVDs for their specific roles in cell signalling like transforming 

growth factor beta 1 (TGF-β1) signalling (Dupuis and Kern, 2014). Layer-specific 

distribution of SLRPs has also been revealed in the arterial wall where biglycan can be found 

in both medial and adventitial layers while decorin, fibromulin and lumican can only be 

detected in the adventitia (Dupuis and Kern, 2014).  

Studies have also evidenced the possible role of SLRPs in elastic fibre biology through 

forming complexes with elastin component or precursor of mature elastin, i.e. fibrillin-1, 

tropoelastin and microfibril-associated glycoprotein-1. Decorin can be involved in the 

synthesis of the elastic fibre component (fibrillin-1) in renal fibroblasts via various pathways 

(Schaefer et al., 2007). Biglycan is also capable of regulating the composition of the ECM of 

arterial wall through inhabiting elastin synthesis and assembly mainly due to its 

galactosamine-containing glycosaminoglycans (GAG) chains (Hwang et al., 2008).  

2.3.2 Classification of arteries 

The vascular system consists of a branched network of blood vessels classified into 5 types: 

the arteries, the arterioles, the capillaries, the venules and the veins. Arteries deliver blood at 
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high pressure to peripheral vascular beds and the arterial system and can be structurally as 

well as functionally classified into two major types: elastic arteries and muscular arteries 

(Figure 2.6A). Both types of the artery are structurally composed of three distinct layers. 

These arteries have a concentric layered structure, with each layer being distinct in its cell 

and ECM composition and conferring specific functional properties (Megens et al., 2007).  

2.3.2.1 Elastic arteries  

Elastic arteries contain the pulmonary arteries, the aorta and its branches. In the media of 

elastic arteries, SMCs are embedded between two layers of elastic lamellae and collagen 

fibres are arranged along the elastic lamellae. The elastic lamella is fenestrated, and its spaces 

are filled up with other ECM components (Figure 2.6C). Thus, the stiffness of the elastic 

arterial wall is associated with the stiffness of each ECM component (i.e. SMC, elastic 

lamellae and collagen fibre) and their geometrical and functional relationships (O'Connell et 

al., 2008). The elastic laminae dominate the tunica media of elastic arteries with few SMCs. 

Because the SMC is neglectable in the biomechanics of arterial wall, elastic arteries exhibit 

pronounced elastic behaviour, which permits the elastic arteries to distend and accommodate 

the considerable increase in blood volume during systole (Holzapfel et al., 2000, Megens et 

al., 2007).  
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Figure 2.6 Structural and functional heterogeneity of the arterial tree. (A) Two major types of 

arteries. The elastic arteries close to the heart (proximal) with large sizes are capable of 

distending to accommodate the considerable increase in blood volume during systole, while the 

muscular arteries with smaller diameter drive constriction or dilation of the arteries to maintain 

tone and regulate blood flow to the peripheral regions (Lacolley et al., 2017). (B) As the distance 

increases from the heart, the elastic potential of the arterial wall decreases because of the 

reduction in the number of muscle-elastic complexes, ECM and number of elastic lamellae, 

while the vasomotor tone increases due to the increased density in SMCs, media structure in (C) 

elastic and (D) muscular arteries. In elastic media, SMCs are embedded between two layers of 

elastic lamellae and collagen fibres are arranged along the elastic lamellae. The elastic lamella is 

fenestrated, and its spaces are filled up with other ECM components. Thus, the stiffness of the 

elastic arterial wall is associated with the stiffness of each ECM component (i.e. SMC, elastic 

lamellae and collagen fibre) and their geometrical and functional relationships (O'Connell et al., 
2008). There are few or no elastic lamellae and several layers of predominant SMCs with some 

collagen fibres which constitute the muscular medial layer. 



25 

 

2.3.2.2 Muscular arteries 

Muscular arteries include the radial arteries and the splenic arteries. The significant 

differences between the elastic and muscular arteries are the medial structures and 

components in that the SMCs predominantly constitute a circumferentially continuous fibrous 

helix with fewer elastic laminae in muscular arteries (Figure 2.6D) (Holzapfel et al., 2000, 

Megens et al., 2007). Due to the structural differences, they play different roles in the arterial 

system in that the media SMCs in muscular arteries drive constriction or dilation of the 

arteries to maintain tone and regulate blood flow to the peripheral regions in the body (Figure 

2.6B) (Shirwany and Zou, 2010). SMCs contribute profoundly to the mechanical behaviour 

of muscular arteries (Faury et al., 1999). Thus, muscular arteries show notable viscoelastic 

behaviour with hysteresis (Holzapfel et al., 2002, Bauer et al., 1982). 

2.3.2.3 Transitional arteries 

The IMA is considered a transitional artery. It can be either muscular or elastic (Borovic et al., 

2010). It is found to supply the anterior chest wall and the breasts along the sternum (Figure 

2.7). The IMA is most frequently used arterial graft in contemporary cardiac surgery due to 

its long-term and great patency after coronary artery bypass grafting (CABG) (Figure 2.7) 

(Canham et al., 1997, Calafiore et al., 2005). The outstanding suitability of IMA in CABG is 

proved to attribute to low-grade intimal hyperplasia and thickening in the native IMA (van 

Son et al., 1997).  
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Figure 2.7 Schematic diagram of the vascular anatomy of the IMA and vein (Jacobson et al., 
2013). 

 

2.4 Biomechanical properties of the artery wall 

As conduits in the body, the primary role of blood vessels is to distribute and collect blood to 

and from various tissues and organs. The large arteries are capable of regulating the pulsatile 

ejection of blood from the ventricle, supplying less pulsatile and continuous blood flow to the 

smaller arteries and microcirculation. The mechanical properties of the arteries are largely 

derived by the quantity and structure of collagen, elastin and SMCs and their organisations. 

These specialised structures enable the large elastic arteries to store a portion of the stroke 

volume with each systole and discharging that volume with diastole, which is called the 

windkessel effect (Bauer et al., 1982). Due to the composite structure and inhomogeneous 

nature, conduit arteries possess non-linear mechanical behaviour in that the arterial wall does 

not obey Hooke’s Law of a perfectly elastic material and the modulus of the arterial wall 
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increases with increasing applied stress (Figure 2.8). Under physiological condition, the 

incremental elastic modulus of the arterial wall is less than that of collagen but much higher 

than that of elastin alone. The extensible elastin and the relatively stiffer collagen act as the 

compliant and reinforcing phase respectively, thereby endowing the arterial wall with a non-

linear stress-strain pattern. At low degrees of stretch, the compliant elastin fibres dominate 

the mechanics, while helically oriented collagen fibres are recruited at higher load bearing, so 

that the higher the blood pressure, the smaller the change in the circumference for a given 

change in pressure.  

 

Figure 2.8 A typical non-linear stress-strain curve for the arterial wall with stress being applied 

in the circumferential direction. The incremental elastic modulus (Einc) is the instantaneous 

ratio of the change in applied stress (Δσ) and the associated change in strain (Δε) (Derby and 

Akhtar, 2015). 
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As pressure increases, the elastic lamellas are circumferentially stretched accompanied by a 

progressive reduction in the inter-lamellar distances and alignment of the collagen fibres, 

which eventually results in increased elastic modulus of the arterial wall (Shadwick, 1999). 

To evaluate arterial mechanics and understand how mechanical changes occur in arterial 

stiffening, it is essential to assess the mechanical behaviour of bulk arterial mechanics at the 

macroscopic level because of its clinical importance in cardiovascular events, including 

atherosclerosis (van Popele et al., 2001) and hypertension (Kaess et al., 2012). Given the 

multi-layered and inhomogeneous nature of the arterial wall, it is more important to 

investigate the mechanical properties at the microscopic level (within distinct arterial layers) 

and nanoscale (molecular or cellular level) (Akhtar et al., 2011). More importantly, the 

pathological alterations always start at the molecular level and progressively develop to the 

higher levels of the structure resulting in permanent and irreversible changes and dysfunction 

(Stolz et al., 2009). Hence, the micro- and nano-scale investigations in arterial biomechanics 

and structure are capable to not only fundamentally elucidate its macroscopic structure and 

function, but also promote a better understanding of changes in arterial tissue with ageing and 

diseases for early detection and improving clinical treatment.  

However, due to the inhomogeneous properties of biological samples’ overall length scales, 

the measured elastic modulus varies significantly by using different spatial testing methods. 

Macroscale tensile testing induces a macroscopic deformation that spans the bulk of tissue 

with the entire specimen stretched, whereas nanoindentation and AFM are likely to separately 

conduct an assessment of the mechanical behaviour of extracellular matrix and individual 

assemblies like collagen and elastin. Therefore, it is essential to understand the mechanical 

behaviour of inner compositions of biological tissues and how they contribute to the overall 

tissues.  
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2.4.1 Macroscale mechanical testing methods and tensile testing 

2.4.1.1 Macroscale mechanical testing methods 

Macroscopic mechanical properties of intact arteries have been well-documented and widely 

used to predict the cardiovascular risk (Blacher et al., 1999, Cecelja and Chowienczyk, 2012). 

To date, several macroscale techniques for assessing the mechanical properties of the entire 

arterial wall have been developed in vitro involving tensile testing, opening angle 

measurement and in vivo, like ultrasound testing measurements and PWV assessment. 

2.4.1.2 Tensile testing 

To determine the macroscopic biomechanical properties of an arterial wall, a rectangular 

artery specimen is cut from arterial tissue and its features are uniaxially (Duprey et al., 2010, 

Karimi et al., 2013) measured to yield a non-linear stress-strain curve (Figure 2.9). Although 

the biomechanical behaviour of human arterial tissue to uniaxial loading conditions has been 

primarily studied (Karimi et al., 2013, Holzapfel et al., 2005), it is significantly insufficient to 

characterise the multi-axial mechanical properties of arterial wall (Geest et al., 2004), 

because the uniaxial test treats the artery as an isotropic material instead of quantifying the 

anisotropic behaviour of the arterial wall thoroughly (Cowin and Humphrey, 2001). 
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Figure 2.9 Schematic diagram showing the sample setup for uniaxial tensile test. The tissue is 

prepared to a rectangular section and clamped during the test (Akhtar, 2014). 

 

The layer-specific mechanical properties of arteries have been reported by using tensile test 

(Holzapfel et al., 2005). Furthermore, the mechanical changes between health and human 

atherosclerotic arteries and age-related alterations in arterial wall are also evaluated by the 

tensile test (Karimi et al., 2013, Geest et al., 2004). 

2.4.2 Microscale - nanoindentation 

To date, even though macroscale biomechanics of artery have been profoundly addressed, 

understanding of changes in the mechanical behaviour of individual arterial layers, ECM and 

components within these layers is scant (Kohn et al., 2015). Characterisation on the cell-scale 

is seen as fundamental to illuminating the structure-function relationship and understanding 

the biomechanical changes in arteries with ageing or diseases. However, cell size is usually of 

the order of tens of microns which is impossible for macroscale measurements (Kohn et al., 

2015). To elucidate fundamental changes in biomechanical properties of the arterial wall and 

address numerous questions that are relevant to the medical community, a variety of 



31 

 

techniques with high-spatial resolution have been developed for characterising microscale 

and layer-specific mechanical changes.  

Nanoindentation is a depth-sensing indentation technique that is used to measure local 

mechanical properties, such as hardness and reduced modulus of material on the micron and 

submicron scale by recording the load and surface deformation, which allows the elucidation 

of structure-biomechanics relationships in the same tissue (Ebenstein and Pruitt, 2006). Due 

to its ability to characterise small and heterogeneous specimens from biopsy samples and 

small animal models, nanoindentation is used extensively for determining localised 

mechanical properties of various biological samples. Given the various geometries of the 

indenter tip, nanoindentation allows localised mechanical measurement from microscale to 

nanoscale, with a force range of 1 µN to 500 mN and a displacement range of 1 nm to 20 µm 

which significantly bridge the gap between nanoscale AFM measurements and macroscale 

testing (Fischer-Cripps, 2011, Ebenstein and Pruitt, 2006). Three analytical models are 

largely utilised to fit nanoindentation data to generate mechanical properties, including the 

Hertz model (Johnson, 1982), the Oliver-Pharr model (Oliver and Pharr, 2004, Oliver and 

Pharr, 1992) and the Johnson–Kendall–Roberts (JKR) adhesion model (Johnson et al., 1971).  

To circumvent the challenges associated with testing of soft tissues like arteries, researchers 

utilise a larger radius tip with either flat or rounded ends (radius more than 100 μm) 

(Ebenstein and Pruitt, 2004). Using smaller tips (radius = 10 μm), differences in the local 

mechanical properties of distinct anatomical layers in the arterial wall have been well studied. 

Hemmasizadeh et al. (Hemmasizadeh et al., 2012) conducted nanoindentation testing on 

porcine aorta wall and revealed the difference in the instantaneous Young’s modulus between 

the inner half and outer half layer, implying that the outer half was stiffer and showed less 

relaxation. They also found an increasing trend in the instantaneous Young’s modulus from 

the inner towards the outer layers of the porcine aorta (Hemmasizadeh et al., 2015). Similarly, 



32 

 

in ferret aorta, the elastic modulus was found to progressively increase from the intima to the 

adventitia, and the mean elastic modulus for the medial layer is around 20 MPa (Akhtar et al., 

2009). Although several studies have focused on the mechanical characterisation of the 

human atherosclerotic plaque tissue (Ebenstein et al., 2009, Akyildiz et al., 2014), there is 

still scant information in the literature on human arteries that has been obtained from 

nanoindentation testing.  

It is noteworthy that the arterial stiffness data generated through nanoindentation are several 

orders of magnitude lower than the macroscale measurement of bulk arteries, which makes 

the nanoindentation data more comparable to AFM results (Section 2.6.3) and both 

techniques provide similar information. Nevertheless, for indenting tissue-level properties in 

soft tissues, a large indenter tip (> 50 μm) is necessary to ensure the contact area will be 

much greater than the dimensions of crucial tissue components and avoid damaging the 

sample (Ebenstein and Pruitt, 2006). Therefore, it is complicated and challenging to use 

nanoindentation for characterising tiny biological samples. 

2.4.3 Nanoscale - AFM  

AFM is a nanoscale technique that allows us to visualise and measure surface structure at the 

nano- or, in some cases, atomic scale (Young et al., 2011). This is mainly due to the ability of 

the technique to measure forces and distances at a very high resolution between the probe and 

surface, and to non-destructively explore various surfaces in ambient or fluid conditions. The 

vertical resolution is mainly determined by the AFM scanner sensitivity, and it can be as high 

as 0.01 nm (Young et al., 2011). In addition to characterising topography, surface mechanical 

properties can be measured by AFM-based force modulation semi-quantitative scanning 

techniques (Maivald et al., 1991) or force curve fitting based AFM (Burnham and Colton, 

1989). Compared with other high-resolution surface characterisation techniques (SEM and 
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TEM), AFM measurement is relatively simple with minimal sample preparation and available 

for measuring in air and fluid environments without extreme conditions like vacuum and 

dehydration. In recent years, AFM has been used for probing the ultrastructure of aorta ECM 

(Raspanti et al., 2006, Graham et al., 2010) and mapping the mechanical properties of tunica 

adventitia (Grant and Twigg, 2012), atherosclerotic plaque (Tracqui et al., 2011, Hayenga et 

al., 2011), and the altered SMC stiffness with ageing (Qiu et al., 2010) and hypertension 

(Nakamura et al., 2010). Details about AFM are discussed in Section 2.6. 

2.5 Alterations in arterial composition and biomechanics 

with age-related arterial stiffening  

2.5.1 Alterations in collagen 

In the arterial wall, increased collagen concentration in all three arterial layers (Kohn et al., 

2015) and redistribution of collagen around the lamellar units in media (Schlatmann and 

Becker, 1977) have been found with age (Figure 2.10). A study in mice showed ex vivo 

increases in carotid artery stiffness was associated with TGF-β1 increases in type I and III 

collagen deposition. Increases in PWV have been related to downregulation of the collagen 

marker carboxyterminal propeptide for type I procollagen (PICP) (Rajzer et al., 2003) 

indicating elevated collagen synthesis and content. Furthermore, age-related arterial 

stiffening has been associated with increased TGF-β1 expression, which, in turn, stimulates 

the deposition of adventitial collagen and changes in fibroblasts (Fleenor et al., 2010). 

In concert with increased collagen concentration, non-enzymatic glycation driven collagen 

crosslinking is also associated with arterial stiffening with age (Figure 2.10) (Schleicher et al., 

1997). In the body, glycation process can stiffen tissues via producing deleterious end 
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products, known as advanced glycation end products (AGEs) which accumulated through 

Maillard reaction. Several clinical and experimental studies have shown that AGEs have a 

critical role in the pathogenesis of CVDs by contributing to its development and progression. 

However, it is still under debate as to whether AGEs can serve as clinical biomarkers for 

CVD due to the limited studies (Prasad et al., 2012). 

2.5.2 Alterations in elastin 

Due to the longevity and extremely low turnover rate, the age-related fragmentation, 

calcification, and matrix metalloproteinases (MMP) degradation in elastin can be 

accumulated and thereby shift load bearing to collagen fibrils, which significantly contribute 

to arterial stiffening (Figure 2.10) (Schlatmann and Becker, 1977). To be specific, elastin 

fragmentation can be caused by fatigue failure from pulsatile wall stress (Greenwald, 2007). 

Elastin fibres can also be calcified through binding to calcium ions in the arterial wall with 

ageing (Otto et al., 1999), which facilitate medial elastin fragmentation and arterial stiffening 

(Elliott and McGrath, 1994, Gaillard et al., 2005). Elastin degradation as an enzyme-driven 

process is mediated by MMPs. In the tissues, ECM is continually remodelled and mediated 

primarily by these zine-dependent endopeptidases and their inhibitors (tissue inhibitors of 

MMPs, or TIMPs) (Ergul et al., 2004, Bonnema et al., 2007). There are so far eight MMPs 

that have been proved to degrade elastic fibre into soluble fragments, including MMP-2, -7,   

-9, -10, -12 and -14, and to catabolize fibrillin microfibrils and peptides by MMP-2, -3, -9,     

-12, and -13 (Sherratt, 2009, Tsuruga et al., 2007). The dysregulation of MMPs, especially 

MMP-2, MMP-9, is highly correlated with aneurysms (Thompson and Baxter, 1999), 

cardiovascular pathologies, hypertension and arterial stiffness (Wallace et al., 2005). 

Upregulated ECM protease expression is associated with atherosclerosis (Robert et al., 2008) 

and ageing (McNulty et al., 2005) in the arterial wall. Although the absolute elastin content in 
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the aorta is stable with age, a substantial decrease in elastin concentration and increased 

collagen concentration are observed (Fonck et al., 2009). 

2.5.3 Alterations in SMCs 

SMCs have been proved to be involved in atherosclerosis and the restenosis change of 

arteries through migrating into the intima, proliferating and synthesising a variety of ECMs, 

including collagen, elastin and proteoglycans in the thickened intima (Figure 2.10) (Raines, 

2000). SMC dysfunction results in impaired vasodilation, increased vasoconstriction, 

increased proliferation and migration, which likely contribute to the overall impairments in 

blood pressure regulation and arterial stiffness. The arterial stiffening is attributed not only to 

fundamental changes in SMCs but also to SMCs related signalling and structural events in 

ECM (Qiu et al., 2010). Therefore, SMCs, being highly related to extracellular signalling and 

structural changes, significantly contribute to arterial stiffening. 

2.5.4 Alterations in proteoglycans and SLRPs 

Although proteoglycans are a minor component of arterial tissue (2% ~ 5% by dry weight) 

(Wight, 1989), a number of studies have shown that these macromolecules, especially SLRPs, 

are highly associated with arteriogenesis (Kampmann et al., 2009), atherosclerosis (Talusan 

et al., 2005) and extracellular matrix remodelling (Barallobre-Barreiro et al., 2012). To be 

specific, versican and aggrecan are major components of the intimal ECM and predominant 

proteoglycans in human intimal hyperplasia, which are highly related to the formation of 

atherosclerosis (Figure 2.10) (Talusan et al., 2005).  
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2.5.4.1 Influences on collagen formation and organisation 

Collagen fibril as a vital component of arterial ECM can be structurally and functionally 

regulated through binding to SLRPs, including collagen fibrillogenesis process, collagen 

formation and fibril organisation (Kalamajski and Oldberg, 2010). Hence, disordered SLRPs 

expression can trigger irregular collagen fibril formation and organisation, altered ECM 

assembly and dysfunctional ECM, thus further influencing the structural and functional 

integrity of the tissue (Figure 2.10). For instance, decorin was indicated to associate with 

collagen assembly and structural organisation of collagen matrix, thereby maintaining the 

sufficient mechanical properties and normal functions of collagenous tissues (Iozzo, 1998).. 

Through interaction with protofibrils in the ECM, SLRPs play an essential part in the 

discontinuity of the ECM during tissue growth and functionality of collagen fibrils. With 

tissue maturation, mechanical properties of the connective tissue are promoted through fibril 

maturation such as collagen growth and organisation, as well as covalent crosslinking. Larger 

diameter collagen fibrils are known to associate with lateral fibril growth and fuse laterally in 

mature tissues. In the absence of decorin and biglycan, collagen fibrils experience an 

uncontrolled lateral fusion and enlarged thickness with advanced weakened mechanical 

strength in the mouse. These structural abnormalities can further arouse skin laxity and 

fragility and osteopenia (Danielson et al., 1997).  

2.5.4.2 Influence on elastin formation and organisation 

Studies have also evidenced the possible role of SLRPs in elastic fibre biology through 

forming complexes with elastin component or precursor of mature elastin, i.e. fibrillin-1, 

tropoelastin and microfibril-associated glycoprotein-1. Decorin can be involved in the 

synthesis of the elastic fibre component (fibrillin-1) in renal fibroblasts via various pathways 

(Schaefer et al., 2007). Biglycan is also capable of regulating the composition of the ECM of 
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arterial wall through inhabiting elastin synthesis and assembly mainly due to its 

galactosamine-containing glycosaminoglycans (GAG) chains (Hwang et al., 2008).  

2.5.4.3 Influence on SMCs 

SLRPs have been noticed to associate with intima thickening and be involved in regulation of 

SMCs and CVDs. For instance, accumulation of lumican has been prominently localised in 

the fibrous thickened intima and inner media and this protein was highly expressed in SMCs 

across the inner media and thickened intima in arteries from patients with atherosclerosis 

(Onda et al., 2002). Besides, lumican has also been discovered in the outer layer of medial 

SMCs and may be secreted to adventitia for maintaining adventitial mechanical property 

dominated by collagen fibres (Onda et al., 2002). Upregulated mimecan expression in human 

aortic SMCs was shown to suppress cell proliferation and accelerate cell migration and death, 

thereby modulating atherosclerosis (Zhang et al., 2015) and atherosclerotic plaques 

(Fernández et al., 2003).  
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Table 2.1 Functions of proteoglycans in different types of collagen, elastic fibre and SMCs and 

their effects on CVDs. 

Proteoglycans Collagen  Elastic fibre VSMCs  CVDs 

 

Large proteoglycans (Talusan et al., 2005) 

Aggrecan    Intimal 

hyperplasia and 

atherosclerosis  Versican    

SLRPs (Kalamajski and Oldberg, 2010, Chen and Birk, 2013) 

Class I  

Biglycan Type I, II, 

III, VI, IX 

Tropoelastin 

and 

glycoprotein-1 

SMCs 

proliferation and 

migration 

Atherosclerosis 

and vascular 

injury/lesion 

Decorin Type I, II, 

III, V, VI, 

XII  

Fibrillin-1, 

tropoelastin 

and 

glycoprotein-1 

SMCs 

calcification 

Atherosclerosis 

lesions 

Asporin Type I    

Class II  

Lumican Type I  SMCs 

proliferation and 

migration 

Intima thickening 

and 

atherosclerosis 

Prolargin     

Class III  

Mimecan   SMCs 

proliferation, 

migration and 

death 

Atherosclerosis, 

atherosclerotic 

plaques and 

intima thickening 

Class V  

Podocan Type I  SMCs 

proliferation, 

migration  

Arterial repair  
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Figure 2.10 Schematic diagram of the arterial section in a young and an old human. In the 

young sample, each layer and IEL and EEL is labelled. In the aged artery, changes in the intima, 

media and adventitia are various and across the artery. The medial layer is disorganised due to 

fraying, and fracture of the elastic lamellae and loss of muscular attachment, together with 

increased collagen fibres can be seen. Multiple causes are also associated with arterial stiffening 

across the arterial wall, such as changes in SMCs, proteoglycans, AGEs and TGF-β1 (Akhtar, 

2014, Sherratt, 2013, Sawabe, 2010, Kohn et al., 2015). 
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2.6 AFM 

2.6.1 Biological application of AFM 

AFM has gained vital importance in the recent years for studying biological samples at nano- 

and sub-nanoscale. Except for characterising surface topography as its high sensitivity, AFM 

is being widely used to study surface adhesion and stiffness properties for a range of 

biological tissues from cells (Sokolov et al., 2013), tissues such as aorta (Mao et al., 2009), 

cartilage (Stolz et al., 2004), tissue ECM components like collagen (Grant et al., 2012) and 

also for hard tissues such as bone (Wallace, 2012), which enable the generation of a three-

dimensional surface topography with height profile and localised mechanical properties. 

Moreover, AFM measurement can be conducted in physiological buffers or natural aqueous 

environments at 37℃ to monitor biological reactions and even observe them in real time 

without any complicated sample preparation or under extreme conditions (Graham et al., 

2010). Compared with other high-resolution surface characterisation techniques (SEM and 

TEM), AFM measurement is relatively simple with minimal sample preparation and available 

for measuring in ambient and fluid environments without extreme conditions like vacuum 

and dehydration.  

AFM has also been used in small animal models to study complex biochemical process and 

human diseases (Mahamid et al., 2008, Mao et al., 2009). For example, researchers have 

proved the utility of the zebrafish vertebral column for characterising collagen fibrils and 

biomineralisation (Ge et al., 2007, Ge et al., 2006). 



41 

 

2.6.2 Principles of AFM 

2.6.2.1 AFM instrumentation 

AFM mainly consists of the microscope stage itself, control electronics and control system 

with a computer, which is shown in Figure 2.11. The most critical component, the 

microscope stage, involves a scanner, sample holder and a force sensor (cantilever system). 

Due to the similar length scales, AFM is often combined with an optical microscope or 

fluorescence microscope, and the integration allows the measurements to be correctly 

localised, especially in biological samples.  

 

Figure 2. 11 Schematic diagram for the AFM setup, involving control system with computer, 

feedback control electronics and microscope stage (3D scanner, sample holder and force sensor) 

(Kaemmer, 2011). 

 

The spring constant of the force sensor (cantilever) should be adequately selected according 

to the sample measurement, allowing for small sensitivity to the force. The laser beam 
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reflecting off the back surface of the cantilever detects the deflections of the cantilever and 

can be registered by the deflection detector (four-quadrant photodetector). The feedback 

control electronics connected to the microscope stage and the control system is used to 

generate signals to drive the scanner and other motorised components in the microscope stage, 

as well as digitise the obtained signals for display and analysis by the computer. The stage is 

usually supported by a vibration isolation platform which reduces environmental noise.  

In AFM measurement, the probe is brought into proximity to the sample, and the 

probe/sample are subsequently moved relative to each other that interactions between the tip 

and sample surface are measured by monitoring the displacement of the free end of the 

attached cantilever at each locations (pixels). During operation the interaction force is 

controlled by a closed-loop feedback system. The setpoint value generally represents the 

imaging force in conventional AFM and determines the magnitude of the tip-sample 

interaction. The resulting error signal (or difference between the setpoint and actual value) is 

processed by a Proportional-Integral-Differential (PID) feedback controller that adjusts the z-

piezo to move the probe up and down and minimise the error signal, thereby realising the 

desired setpoint. Thus, the resulting z-piezo movements provide the height information to 

create the surface topography (Kaemmer, 2011).. 

2.6.2.2 Working modes 

The contact mode AFM was the first and simplest working mode developed for AFM by 

which the deflection of the cantilever leads directly to the topography of the sample. The 

cantilever is adjusted on the sample and the probe are in contact and deflection is read 

directly on the four-quadrant, force is drive by Hooke’s law. It is notable that in contact mode 

measurement, both the tip of the probe and the sample surface are in touch with each other, 

which results in the following problems: (a) the repulsive force between the tip and the 
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sample may damage or change the surface and the sharp tip during scanning; (b) as the tip 

moves along the sample surface, lateral forces can get generated in addition to the normal 

force between them; (c) the generated data is profoundly affected by the nature of the sample 

surface, which implicates the stability and sensitivity of the technique (Eaton and West, 2010, 

Kaemmer, 2011).  

In the dynamic mode, the cantilever is oscillated, typically at its resonant frequency and the 

vibration amplitude (amplitude modulation) or the shift of the resonance frequency 

(frequency modulation) of the cantilever is measured to estimate the deflection of the 

cantilever. When the oscillating probe approaches the sample surface, the oscillation changes 

as per the interaction between the probe and the sample. Also, changes in amplitude and 

frequency enable the feedback control of tip-sample interaction during measurement.  

In non-contact mode, the tip is brought extremely close to the surface at a constant distance 

and is oscillated by the system at or near its resonance frequency without contacting the 

sample surface. Thus, unlike the contact mode, the non-contact mode is capable of imaging 

very soft samples using small oscillation amplitudes with minute interacting forces, which 

gives better and more consistent results. 

In tapping mode, the probe is vibrated close to its resonance frequency like the non-contact 

mode and contacts the surface for a short time, which enables probing a wide range of 

samples with negligible lateral forces (Figure 2.12). Therefore, this mode has several 

advantages: (a) lateral forces vanish as there is only a perpendicular movement of the tip on 

the surface; (b) the contamination layer effect can be eliminated; (c) tip-sample contact is 

capable of gaining some other sample properties (Kaemmer, 2011, Eaton and West, 2010). 
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Figure 2.12 Resonance curve of a Tapping mode cantilever (A) above and (B) close to the 

surface. After contact with the surface, there is a resonance shift to a lower frequency (Δf0) and 

a reduction in amplitude (ΔA) (Kaemmer, 2011). 

2.6.3 Characterisation of mechanical properties with AFM 

2.6.3.1 Force curves 

By maintaining the x-y position of the AFM probe and ramping it in the z-axis, the deflection 

can be measured during the time the probe approaches and retracts from the sample surface 

that generates the force-distance curves between them. This mode can measure the force 

between the contacting atoms or molecules at the end of the probe and the sample surface that 

allows for single-molecule interaction studies.  



45 

 

2.6.3.2 Contact models  

2.6.3.2.1 Hertz model 

The Hertz model (Johnson, 1982, Hertz, 1881) is extensively used to fit force versus 

indentation curves for Young’s modulus calculation (Figure 2.14A). The Hertz model 

describes the elastic deformation of two perfectly homogeneous smooth bodies under load 

(Figure 2.13A). When using the Hertz model, two critical assumptions need to be considered: 

(a) the indenter must have a parabolic shape or a spherical tip radius that is much bigger than 

the indentation depth; (b) the indented sample is much thicker in comparison to the 

indentation depth (Mahaffy et al., 2000). Given the sphere tip with the radius R, the force on 

the cantilever F is given by: 

                                  𝐹 =
4

3
 

𝐸

(1− 𝑣2)
 √𝑅𝛿3/2                                    (7) 

where E, ν, R and δ refer to the Young’s modulus, Poisson’s ratio, tip radius, and indentation 

depth, respectively (Adamcik and Mezzenga, 2012). 

Although the Hertz model has been shown to accurately describe the contact area between 

elastic spheres without considering adhesion between the indenter and surface, for soft 

biological samples, adhesion resulting from attractive forces between tip and sample surface 

is critical to characterising contact mechanics. The Hertz mechanics considered the 

deformation of two elastic spheres initially and only described the elastic deformation of a 

spherical tip on poorly deformable samples (contact radius << tip radius), which can lead to 

the unphysical prediction that contact radius is more significant than tip radius. Therefore, 

there are several difficulties in applying the Hertz model for describing biological samples, 

which are mainly due to the soft and rough surface and inherent inhomogeneity of biological 

samples (Carpick et al., 1999). 
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2.6.3.2.2 Sneddon mode 

Considering the elastic deformation of surface and tip in measurement on very soft samples 

(e.g. cells, tissues, biomolecules), the Sneddon model is developed (Sneddon, 1965). When 

measuring very soft samples, e.g. cells, tissues and biomolecules, elastic deformation of both 

the AFM tip and the sample can cause a finite contact area which cannot be ignored 

(Berquand, 2011). When the sharp tips (small tip radius) or soft samples (highly deformed 

surfaces) are involved, it is more appropriate to use the Sneddon model (Equation 8) (Figure 

2.13B) which considers the tip as an infinite conical indenter and describes the corresponding 

elastic deformation of the initially flat surface without limitation on contact radius/tip radius 

(Calzado-Martín et al., 2016).  

                                𝐹 =
2

𝜋

𝐸

(1−𝑣2) 
tan(𝛼) 𝛿2

                                        (8) 

where F is the force, E is the apparent Young’s modulus, v is the Poisson’s ratio of the sample, 

α is the half angle of the AFM tip and δ is the indentation depth. 

 

Figure 2.13 Contact mechanics of Hertz and Sneddon in AFM. (A) Hertz mode is well-adapted 

to poorly deformable samples and spherical tip (tip radius >> contact radius). (B) Sneddon 

mode considers the sharp tip as an infinite conical indenter, which is appropriate to describe 

soft and deformable samples. 
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2.6.3.2.3 Other models with adhesion  

After considering adhesion, more advanced theories were developed, such as JKR (Johnson 

et al., 1971) and Derjaguin-Muller-Toporov (DMT) (Derjaguin et al., 1975) models. The 

JKR model involved strong short-range adhesion forces within the contact area (Figure 

2.14B), and the DMT model considered weak long-range adhesion forces outside the contact 

area (Figure 2.14C) (Adamcik and Mezzenga, 2012). 

2.6.3.2.3.1 JKR mode 

To incorporate the adhesion of the indenter to the Hertz model, Johnson, Kendal and Roberts 

(Johnson et al., 1971) modified the theory to develop a more advanced model for contact 

mechanics (Mahaffy et al., 2004). When the contacts are characterised by relatively low 

stiffness, high adhesion forces and large tip radii, they can be described by the JKR model 

(Johnson et al., 1971). The JKR model characterises short range adhesion within the contact 

zone and applies to modelling reaction between a very soft tip and samples where the 

adhesion is strong enough to overcome the stiffness of the sample and cause the substrate to 

be drawn toward the tip. Conversely, in rigid systems (stiff materials) with low adhesion 

forces and small tip radius, the DMT model is likely to be the more appropriate model to 

characterise the interaction by considering the long-range surface force and the adhesion 

forces outside the contact surface (Nakajima et al., 2014, Garcıa and Perez, 2002) 
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Figure 2.14 Contact models. Typical force (F) per unit area (A) displacement curve for (A) 

Hertz, (B) JKR, (C) DMT models, and (D) realistic interaction. The shaded areas reflect the 

work of adhesion ϒ. (A) Attractive forces (adhesion) are not considered in the Hertz model. 

However, adhesion is included (B) as a delta function in the JKR model and (C) as a long-range 

part in the DMT model (Schwarz, 2003). 

 

2.6.3.2.3.2 DMT model 

The DMT model (Derjaguin et al., 1975) modifies the Hertz model by adding the adhesive 

forces between the tip and the surface: 

                                       𝐹 − 𝐹𝑎𝑑ℎ =
4

3
𝐸∗√𝑅(𝑑 − 𝑑0)3                                (5) 

where 𝐹 − 𝐹𝑎𝑑ℎ  is force on the cantilever relative to the adhesion force, R is the tip end 

radius which can be calibrated prior to measurement, and 𝑑 − 𝑑0 is the deformation of the 

sample. We can get the reduced modulus 𝐸∗  and calculate the Young’s modulus (elastic 
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modulus) of the sample (Es) if the Poisson’s ratio is known. The relationship between the 

sample modulus and reduced modulus is described by the equation 

                                          𝐸∗ = [
1−𝑣𝑠

2

𝐸𝑠
+

1−𝑣𝑡𝑖𝑝
2

𝐸𝑡𝑖𝑝
]

−1

                                          (6) 

The tip modulus (Etip) is assumed to be infinite when we calculate Young’s modulus of the 

sample (Es). The Poisson’s ratio ranges from 0.2 to 0.5, giving a variation in the reduced 

modulus of the sample between 4% and 25%; however, this ratio is mostly not accurately 

known (Pittenger et al., 2010). 

2.6.3.3 PeakForce QNM 

2.6.3.3.1 Principles of PeakForce QNM 

To accelerate the measuring rate and correlate it with the mechanical and topographic 

information, PeakForce QNM technique was developed based on Tapping mode and 

PeakForce mode that allow direct measurement of interaction force by the cantilever 

deflection (Young et al., 2011). The PeakForce QNM technique precisely controls the 

maximum peak force on the probe during measurement, enabling mechanical characterisation 

of different samples (Pittenger et al., 2014).  

The working principle of PeakForce QNM is demonstrated as shown in Figure 2.15A. During 

PeakForce QNM measurement, when the tip is far from the surface (i), there is almost no 

force on the tip. The probe subsequently approaches the surface by attractive forces (negative 

force), including van der Walls, electrostatic, or capillary forces. At (ii), the tip reaches the 

surface and progressively indents into the surface as the force increases. After the Z position 

of the modulation reaches its bottom-most position (iii), we also obtain the peak force that is 

kept constant by the AFM system feedback during the interaction period. Then the probe 
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withdraws, and the force decreases until the minimum value (iv) where the tip comes off the 

surface and maximum adhesion occurs. Once the tip has separated from the surface, there are 

only long-range forces which are negligible for the probe (v). It is noteworthy that the 

feedback of the AFM system maintains the point (iii) instantaneous force (known as peak 

force) as a constant value by adjusting the extension of the Z piezo as the tip scans the sample 

surface (Pittenger et al., 2010, Pittenger et al., 2014). 

 

Figure 2.15 Working principle of PeakForce QNM. (A) Schematic diagram of the oscillating 

probe and (B) the corresponding force-time curve during an approach-retract cycle: (i) The 

probe is far from the surface the sample surface before measurement; (ii) At the beginning, the 

probe approaches the surface and attracted by the capillary, Van der Waals and electrostatic 

forces; (iii) After this, the tip on the top of probe is pulled to the surface by those forces and 

start indenting until the maximum Z-position (nm). At this point, the peak force values are 

obtained for feedback control; (iv) The probe withdraws and gets the maximum adhesion point 

before departing from the sample surface; and (v) Finally, the probe retracts and goes back to 

its original position where there is no more force. (C) Illustrates the typical force curve (force-z 

position curve) which is used to determine mechanical information of the sample, including 

adhesion, deformation, elastic modulus and energy dissipation. 
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Due to the control of the Z position and measurement of the cantilever deflection as a 

function of time (Figure 2.15B), the force is plotted as a function of the distance (force-Z-

position curve) that can be converted to a force-separation plot for further analysis (Figure 

2.15C). As shown in Figure 2.15C, mechanical information can be obtained by fitting 

different regions of the tip-separation curve, such as elastic modulus, tip-sample adhesion, 

energy dissipation and maximum deformation. In PeakForce QNM, elastic modulus (Young’s 

modulus) is typically calculated by using the DMT model (Derjaguin et al., 1975)  

PeakForce QNM utilises PeakForce Tapping technology for system feedback to deliver a 

number of important benefits, especially in the mechanical measurements. Unlike tapping 

mode, PeakForce Tapping oscillates, but far below the cantilever resonant frequency (i.e. 

non-resonant mode), thus avoids the filtering effect and dynamics of a resonating system.  

Because PeakForce Tapping does not resonate the cantilever, cantilever tuning is not required, 

which is particularly advantageous in fluids. Moreover, PeakForce Tapping provides direct 

control of the maximum normal force (and thus the deformation depth) of the sample, while 

eliminating lateral forces. This preserve both the tip and sample. Therefore, PeakForce 

Tapping has an oscillating system that combines the benefits of contact and tapping mode: 

direct force control and elimination of lateral forces. The key differences of PeakForce 

Tapping to the conventional force curve and the force volume measurement are that the z-

position is modulated by a sine wave (as shown in Figure 2.16) instead of a triangular one, 

thus avoiding unwanted resonances at the turnaround points. Due to the sinusoidal ramping in 

PeakForce Tapping, the tip velocity during the indentation is close to zero and thus the effect 

of ramping speed on the mechanical mapping can be reduced or even eliminated (Pittenger et 

al., 2010, Pittenger et al., 2014). 
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Figure 2.16 Experimental data of force curves for a cantilever during PeakForce Tapping. The 

cantilever ramps in a sinusoidal wave and the curves displayed as force versus time and force 

versus distance (Kaemmer, 2011). 

 

2.6.3.3.2 Probe selection  

Prior to the mechanical characterisation of PeakForce QNM, it is critical to choose a probe 

with an appropriate cantilever and a tip that produces sufficient sample deformation whilst 

still retaining high force sensitivity. The selection of the cantilever is highly dependent on the 

stiffness of the sample (Figure 2.17), i.e. the stiffness of the cantilever should be in the range 

of the sample stiffness. 
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Figure 2.17 Overview of Young’s modulus of different biological samples, from very stiff 

materials such as bone to very compliant materials, such as cells (Alonso and Goldmann, 2003, 

Docheva et al., 2008, Berquand, 2011). 

 

Bruker (Nano Surfaces Division, Santa Barbara, USA) has provided a list of recommended 

probes for PeakForce QNM measurements for different ranges of expected elastic modulus 

values as shown in Table 2.2.  

Table 2.2 Recommended probes for different ranges of expected elastic modulus. 

Sample Modulus (E) Probe Nominal Spring Constant (k) 

0.7 MPa < E < 20 MPa SNL – A 0.5 N/m 

5 MPa < E < 500 MPa Tap150A 5 N/m 

200 MPa < E < 2000 MPa RTESPA 40 N/m 

1 GPa < E < 20 GPa Tap525A 200 N/m 

10 GPa < E < 100 GPa DNISP - HS 350 N/m 

 

Therefore, PeakForce QNM provides quantitative modulus results over the range of 700kPa 

to 70 GPa once the appropriate probe is selected and calibrated (Pittenger et al., 2010).  

In order to test small biological structure at high resolution (~nm), the appropriate AFM 

probes need to be selected. The mapping resolution highly depends on the size of tips that 

only the smaller tips resolve smaller topographic features without influence from 
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neighbouring structure. Thus, it is rational to use tips with nanometre radius for imaging 

various tissue ECM components (i.e., collagen and elastin), cells and even proteins. However, 

the sharp tips can cause excessive indentation or even penetrate the soft tissues, resulting in 

invalid measurement and sample/tip damage.  In addition, the AFM mechanical measurement 

associates with the tip shape and the contact model (Hertz/DMT (spherical or Sneddon 

(conical)), see section 2.6.3.2) (Pittenger et al., 2014). Hence, the majority of AFM 

mechanical studies used blunt and spherical tips with Hertz model (see Chapter 5, Table 5.4). 

Although blunt probes can minimise the applied pressure on the sample and prevent the tip 

and sample from damage, the validity and resolution of mechanical mapping would be 

dramatically lost. In order to improve the valid resolution of mechanical mapping, PeakForce 

QNM permits ultra-low force control (pN ~ nN) of the applied force on the tip, resulting in 

the usage of sharp tips (Young et al., 2011). Moreover, PeakForce QNM equipped with the 

ScanaAsyst technique that automatically adjust all critical imaging parameters (i.e., gain, 

setpoint and scan speed), which optimises the high resolution nanomechanical mapping 

especially for soft biological samples testing. For PeakFocce QNM, Bruker also provides a 

list of recommended probes with different spring constants depending on the stiffness of the 

sample (Kaemmer, 2011). 

2.6.3.3.3 Application of PeakForce QNM for biological samples 

PeakForce QNM enables direct extraction of quantitative nanomechanical information from 

biological samples in real time, which is accomplished through controlling the force on the 

probe and generating force curves each time the AFM tip on the delicate biological samples 

and tissues in ambient or fluid environments. PeakForce QNM, unlike those conventional 

mechanical testing techniques, is a particularly appropriate method to determine the 
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mechanical properties of nanometre-sized biological structures due to the following 

advantages (Dokukin and Sokolov, 2012, Pittenger et al., 2010, Pittenger et al., 2014):  

a. Analysis of force curves are done simultaneously with topographical mapping that 

PeakForce QNM provides multiple mechanical properties that have the same 

resolution as the height image (nanoscale);  

b. As the force on the tip is controlled, the sample deformation depths are limited to a 

few nanometers, which avoids large tip-sample contact areas and profoundly increases 

the scanning resolution; 

c. PeakForce QNM provides direct control or automatic adjustment of the maximum 

normal force of the sample and eliminates the lateral forces, which not only protect 

both the tip and sample but also ensure real-time scanning and optimising on soft 

samples; 

d. Since the measurable range of mechanical properties is highly dependent on the 

properties of the probes, PeakForce QNM covers a comprehensive range of materials. 

In recent years, PeakForce QNM, as a novel high spatial resolution and multifunctional 

research technique, has been extensively used to probe a variety of biological samples. 

PeakForce QNM has realised quantitative imaging of living biological specimens and cells 

under physiological conditions. For instance, nanomechanical imaging has been conducted on 

living diatoms (Pletikapić et al., 2012) and E. coli (Berquand, 2011) using PeakForce QNM. 

More importantly, this technology has also been utilised for monitoring cell dynamics 

involving the rearrangement of their cytoskeleton scaffold and spreading and migrating 

(Berquand et al., 2010). Also, the signalling pathways among cells and the corresponding 

changes in cell properties can be investigated for a better understanding of the cell deaths and 

the process of cancer (Berquand, 2011). 
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To date, some tissues and small-scale samples, in particular, and their disease-related changes 

have been quantitatively qualified using PeakForce QNM. For example, the mechanical 

property of human erythrocytes (red blood cells) has been proved to associate with Alzheimer 

(Bester et al., 2013) and Parkinson (Pretorius et al., 2014) diseases. Liu et al. explored the 

implication of hierarchical intrafibrillar mineralisation within a collagen fibril at the 

molecular and nanoscale levels (Liu et al., 2013). Anura et al. studied nanomechanical and 

structural changes in the oral mucosa under fibrotic pre-cancer conditions using PeakForce 

QNM and they indicated the relation between the sub-epithelial ECM stiffening and 

remodelling which can be the potential causes of oral pre-cancer progression (Anura et al., 

2017). Furthermore, in recent years, PeakForce QNM is increasingly believed to be effective 

to explore structural changes and related mechanical attributes of various tissue components. 

For example, using PeakForce QNM, Papi et al. (Papi et al., 2014) studied the regional 

variations in the structural properties of porcine sclera and found a direct correlation between 

collagen fibril size and elastic modulus. Sweers et al. (Sweers et al., 2011) determined the 

nanomechanical properties of α-synuclein amyloid fibrils that is only approximately 10 nm 

diameter and lengths ranging from 100 nm to several microns. Eghiaian et al. (Eghiaian et al., 

2015) investigated the fine structure of the actin cortex and characterised the actin dynamics 

in living fibroblasts. 

2.6.3.3.4 Nanoscale imaging and mechanical characterisation and its application to 

biomedicine 

AFM imaging directly observes biological specimens at work in buffer solution with 

excellent signal-to-noise ratio, providing a unique tool to understand the relationship between 

their structure and function. In addition, AFM enables the simultaneous probing of the 

structure and specific biological, chemical and physical properties of the cells and even 
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proteins. Therefore, over the past 10 years, the nanoscale structural and mechanical 

characterisation of AFM has been extensively used to biomedicine. For example, 

osteoarthritis, a type of common joint diseases among older people, has been found to occurs 

from the molecular level to the higher levels of the tissue architecture and leads to 

progressive degeneration and dysfunctions of articular cartilage. Stolz et al. (Stolz et al., 

2009) have proved the utility of AFM for characterising the nanoscale morphological and 

biomechanical changes occurring in articular cartilage during ageing and osteoarthritis. Their 

study demonstrated the AFM as a simple nanodevice can be potentially used in clinic, 

allowing for direct arthroscopic inspection, quality control of the articular cartilage repair and 

early detection of ageing cartilage and osteoarthritis. Furthermore, AFM force spectroscopy 

has been shown as a promising tool of monitoring the changes in elasticity on incubation of 

the cells with drugs, such as the effects of various drugs on actin or microtubule networks 

that affects the elasticity of cells (Rotsch & Radmacher, 2000), as well as the nanomechanical 

analyses of cancer cells. Therefore, AFM driven nanometre level imaging and mechanical 

characterisation have opened new avenues for medical diagnostics and biomedicine. 

2.7 Summary  

In summary, the literature review, encompassing a wide range of disciplines, presents an 

overview of information that is relevant to this thesis. The author has introduced the 

importance of studying the arterial stiffening and summarised the current understanding in 

various changes with arterial stiffening. Importantly, the multiscale in vitro biomechanical 

testing methods have been highlighted to address the significance to develop the AFM for 

characterisation of biological tissues and structures. In particular, the author has described the 

principle and advantages of PeakForce QNM method for biological studies. Throughout the 

thesis, the author will utilise PeakForce QNM in probing small-scale biological structures and 
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for characterising alterations in arterial stiffening. 
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Chapter 3 

Technique development for nanoscale 

characterisation of biological samples in a 

zebrafish model 

 

 

This chapter focusses on applying the PeakForce QNM technique to characterise tissue from 

the vertebral column of the zebrafish. The rationale for utilising the zebrafish model and for 

focussing on the vertebral column is outlined in the Introduction (Section 3.1.1.2). This 

chapter demonstrates the utility of using PeakForce QNM for small-scale biological 

structures. Sample preparation procedures for PeakForce QNM testing are developed in this 

chapter. Furthermore, calibration methods for nanomechanical testing are optimised, which 

are applied for the work on the IMA in later chapters. 
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Abstract  

Zebrafish (Danio rerio) is a useful model for understanding biomedical properties of bone 

and are widely employed in developmental and genetics studies. Here, the development of 

zebrafish vertebral bone has been studied at the nanoscale from adolescence (6 months), early 

adulthood (10 months) to mid-life (14 months). Characterisation of the bone was conducted 

using energy-dispersive X-ray spectroscopy (EDX), SEM and PeakForce QNM AFM 

techniques. SEM and AFM revealed a lamellar structure with mineralised collagen fibrils. 

There was a significant increase in the wall thickness from 6 to 10 months (76%) and 10 

months to 14 months (26 %), which is positively correlated with nanomechanical behaviour. 

An increase in the Ca/P ratio was found which was also positively correlated with 

nanomechanical properties. The change in mechanical properties and Ca/P are similar to 

those expected in humans when transitioning from adolescence to mid-life. This study 

suggests that zebrafish serve as a suitable model for further studies on age-related changes in 

bone ultrastructure. 
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3.1 Introduction 

3.1.1 Zebrafish as a model for human diseases 

3.1.1.1 The use of zebrafish in cardiovascular research 

Over the last decade, the zebrafish (Danio rerio) has become an ideal vertebrate animal 

model for cardiovascular research because of diverse reasons. Zebrafish have a closed 

circulatory system and the structure of vasculature and process underlying vessel formation 

are extremely similar to those in humans (Isogai et al., 2001). The zebrafish aorta also shares 

the same tissue organisation and constitutions as mammalian aortae, including endothelial 

cells, SMC layers, and adventitial fibroblasts and collagen network (Miano et al., 2006). 

Importantly, given the optical transparency of their embryos and larvae and the high 

similarity in the genome compared to humans, zebrafish are amenable to conduct genetic 

manipulation and screens for identifying vascular developing- and disease-related mutations 

and genes (Gore et al., 2012). In the zebrafish embryo, the angiogenesis including the origins 

and growth of vessels (Childs et al., 2002), and the angiogenic network formation (Isogai et 

al., 2003) has been investigated. Zebrafish have also been used to study cardiac development, 

growth and function (Stainier et al., 1996, Stainier and Fishman, 1994, Tu and Chi, 2012). 

Moreover, zebrafish promise researchers a new model organism for modelling CVDs, such as 

thrombosis (Gregory et al., 2002, Jagadeeswaran et al., 2005), inflammation (Renshaw et al., 

2006), cardiomyopathies (Gerull et al., 2002, Knöll et al., 2007) and congenital heart diseases 

(Tu and Chi, 2012, Lambrechts and Carmeliet, 2004). 
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3.1.1.2 Rationale for focussing on the zebrafish vertebral column 

Initially, the dorsal aorta of zebrafish was designed as an artery model for developing 

nanoscale characterisation approach for probing structural changes in small-scale biological 

samples. However, it was impossible to dissect and isolate the aorta from the zebrafish. Since 

the dorsal aorta is conjoint with the fish spine, the cryosectioning procedure could not be used 

to section the hard vertebral column and soft aorta at the same time. Due to this difficulty, the 

dorsal aorta was always missing although the vertebral column could be properly sectioned. 

Hence, due to the experimental difficulties, it was decided that the work on the vertebral 

column instead of the dorsal aorta should be conducted. This allowed the author to make full 

use of the expertise available at the National Tsing Hua University, Taiwan. Although it is 

not soft tissue, given the size of the vertebral column (wall thickness < 50μm and lumen 

diameter < 200 μm) it is an appropriate tissue for use with PeakForce QNM technique due to 

its dimensions (which are close to that of the IMA) and also due to the presence of collagen 

fibrils. The work also allowed calibration and sample preparation methods to be established 

for application to the human IMA (Section 3.7). Hence, the zebrafish work not only allowed 

the author to setup and tune the technique that is going to use for IMA, but (as added bonus) 

also contributed to the knowledge of a tissue that is widely employed in developmental and 

genetic studies. The subsequent section provides an overview of the use of the zebrafish 

vertebral column as a model for the human bone. 
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3.1.2 Zebrafish as a model to study bone maturation: Nanoscale 

structural and mechanical characterisation of age-related changes 

in the zebrafish vertebral column 

The zebrafish possess complex ossified skeleton that comprised of cartilage and bone, which 

show key similarities to humans (Lieschke and Currie, 2007). Although zebrafish have 

‘compact bone’ but not ‘cortical bone’ i.e. compact bone that surrounds a bone marrow cavity 

(Geurtzen et al., 2017), and trabecular bone is only found in the skull  (Weigele and Franz‐

Odendaal, 2016) zebrafish share many key features of bone structure and remodeling with 

humans (Spoorendonk et al., 2010, Asharani et al., 2012, Brittijn et al., 2009, Shin and 

Fishman, 2002), which suggests they are a suitable model to understand age-related 

development of human bone, as well as human bone diseases. For example, a study has 

shown that although there is no complete Haversian system in the zebrafish bone, it does 

have a lamellar structure and a bio-mineralised microstructure with hierarchical organisation 

which is similar to human bone (Ge et al., 2006). In recent years, changes associated with 

skeletogenesis and osteogenesis (Weigele and Franz-Odendaal, 2016), osteogenesis 

imperfecta (OI) (Asharani et al., 2012) and bone regeneration (Knopf et al., 2011) have been 

modelled and assessed in the zebrafish system. Thus, these studies suggest that zebrafish 

have the potential to complement or even replace mammalian models in studies on skeletal 

disorders on mammals. Until now, there have been no studies that have explored age-related 

development and changes in zebrafish bone.  

Age-related development and changes with advanced ageing in the skeleton system are 

known to associate with increased bone fragility and fracture (Ensrud, 2013). Although the 

mechanical properties and age-related bone development have been studied in humans, there 
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are still gaps in current understanding in relation to the structural and mechanical changes 

that occur in the bone matrix and microarchitecture during the ageing process (Legrand et al., 

2000, Akkus et al., 2003). Furthermore, there is an urgent need to develop suitable 

alternatives to mammalian animal models for studying bone development, skeletal maturation 

and ageing to comply with the ‘3Rs’ (reduce, refine and replace) approach of animal use for 

scientific studies. Zebrafish align with the 3Rs which covers replacement of higher-order 

animals such as rodents with lower-order zebrafish (Vliegenthart et al., 2014). Zebrafish 

models can also overcome limitations associated with human biopsy samples including 

concerns in relation to ethics, suitability of samples and costs (Grizzle et al., 2011, Barut and 

Zon, 2000). 

To determine how zebrafish bone develops with age in terms of ultrastructure and 

biomechanical properties, this chapter studied the vertebral column of adolescence, early 

adulthood and mid-life fish. This work employed a number of high spatial resolution 

techniques to characterise the micro- and nano-scale structural features and mechanical 

properties of the zebrafish vertebral column. Specifically, SEM was utilised to observe bone 

microstructure. Calcium (Ca) and phosphate (P) levels were determined with SEM integrated 

EDX. AFM based PeakForce QNM was used to co-localise ultrastructural and 

nanomechanical properties in the bone. This study is the first to report how the ultrastructure 

and nanomechanical properties change as zebrafish bone ages.  
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3.2. Materials and methods 

3.2.1 Sample information  

All wild-type AB strain zebrafish (Danio rerio) were raised at The Taiwan Zebrafish Core 

Facility (TZCF) at National Tsing Hua University (NTHU). The fish were maintained under 

standard conditions (Westerfield, 1995), following the strict animal usage guidelines and 

complying with the humane endpoints that are stipulated at TZCF where zebrafish are 

maintained up to around 18 months on average (You et al., 2016). 

In this study, zebrafish were euthanised in an ice bath and dissected to collect the front-end of 

the fish body at the following ages; 6 months, 10 months and 14 months. Three fish were 

collected for each age group.  The three age groups were selected to represent ‘adolescence’ 

(6 months), ‘early adulthood’ (10 months) and ‘mid-life’ (14 months), loosely based on the 

classification of Gilbert et al. (Gilbert et al., 2014) and Armstrong (Armstrong, 2007). The 

average lifespan of zebrafish is approximately 36 months (Gerhard et al., 2002) hence these 

three age groups correspond to 17 %, 28 % and 39 % of the maximum zebrafish lifespan. 

Given that the average life expectancy is 79.2 for males and 82.9 for women (Office for 

National Statistics, UK: 2014-2016), the equivalent age groups for humans would be 14 years, 

23 years and 32 years. Therefore, these are relevant for studying bone development because 

bone mass peaks at around 30 years of age (O'Flaherty, 2000).  

Zebrafish use was approved by the Experimental Animal Care and Use Committee of NTHU 

(Approval number: 10048). The precaudal vertebrae were used for all experiments as detailed 

below. 
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3.2.2 Sample preparation 

The zebrafish were collected immediately after sacrifice and subsequently embedded in 

optimum cutting temperature (OCT) compound (Tissue-Tek Sakura Finetek, Torrance, USA) 

along with a transverse plane of the fish trunk. They were immediately immersed into the 

pre-frozen isopentane (2-Methylbutane) (Sigma-Aldrich, Saint Louis, USA) with a liquid 

nitrogen bath for 2 minutes until the sample was totally frozen. The unfixed, frozen fish 

samples, which included the vertebral column from the precaudal regions of the zebrafish, 

were then cryo-sectioned to a nominal thickness of 10 µm along a transverse plane of the 

skeletal bone using a Leica CM1850 cryostat (Leica Microsystems, Heidelberger, Germany) 

and adhered onto glass coverslip for further experimentation (Figure 3.1). At least 10 sections 

were cut from each fish vertebral column. Due to the small size of the vertebral bodies, it was 

not possible to determine whether the sections were from the same or adjacent vertebral 

bodies. All the cryo-sections were stored in a -80 ℃ freezer until testing.  

3.2.3 Hematoxylin and eosin staining  

For histological characterisation, the sample sections were stained with Hematoxylin and 

Eosin (H&E). Cryo-sections were de-thawed at room temperature for 10 minutes and washed 

with distilled water for 10 minutes to remove any excess OCT compound. Following drying 

in air for 10 minutes, the H&E stained tissue section was characterised following standard 

histological procedures (Cardiff et al., 2014) and optical images were captured using an 

optical microscope (Olympus, Tokyo, Japan). 15 measurements of the wall thickness of the 

vertebral column were made in each group to assess its development with age.  
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3.2.4 Scanning electron microscopy (SEM) 

For SEM observation, the sample sections were fixed on the coverslip with Karnovsky’s 

fixative (2.5% glutaraldehyde (GA) in 0.2M phosphate) for 2 hours, and they were dipped in 

buffer solution (0.2M monobasic sodium phosphate and 0.2M dibasic sodium phosphate) for 

15 hours. The sodium phosphate buffers used in the SEM sample preparation allow a 

constant pH to be maintained at a physiological level along with physiological osmolality and 

ion concentrations, thus preventing acidification during fixation (Schiff and Gennaro, 1979). 

Following this, the samples were dehydrated in graded ethanol concentrations (from 50%, 

70%, 95% to 100%) for 15 minutes each. Finally, the samples were critical-point-dried 

(Samdri-795 Critical Point Dryer, Tousimis®, MD, USA) and stored in a desiccator for the 

SEM study. Prior to SEM characterisation, the sections were sputter-coated with gold and 

then imaged with an SEM (Hitachi SU8010, Chiyoda, Japan) at 15 kV.  

3.2.5 Energy-dispersive X-ray spectroscopy (EDX) analysis 

The SEM instrument (Hitachi SU8010, Chiyoda, Japan) was equipped with an EDX. EDX 

was employed to determine the elemental compositions of the zebrafish vertebral column for 

the different ages. EDX measurements were performed with an electron beam of accelerating 

voltage 15 kV. The weight proportion of each assessed element was obtained, involving 

carbon (C), nitrogen (N), oxygen (O), sulfur (S), phosphorous (P) and calcium (Ca). The 

Ca/P ratio was subsequently determined to evaluate bone properties. One measurement was 

made on the outer half of the vertebral column in each fish with a fixed size of 7×7 µm2. 
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Figure 3.1 Schematic diagram of the experimental approach for PeakForce QNM and EDX 

measurements of the zebrafish vertebral column. (A) The front-end with the precaudal vertebra 

of the fish body was collected. (B) The vertebrae were sectioned to a nominal thickness of 10 μm. 

(C) The outer half of the vertebral column (posterior) was probed using PeakForce QNM to 

assess the localised nanomechanical properties, and EDX was solely conducted on another 

corresponding section to investigate chemical compositions.  

 

3.2.6 PeakForce QNM AFM 

All experiments were conducted using PeakForce QNM on a Bruker AFM (Bruker, ICON 

Dimension, MA, USA). Prior to AFM measurements, the tissue was de-thawed at room 

temperature for 10 minutes and washed with distilled water for 10 minutes to remove any 

excess OCT compound. Subsequently, the sample was dried at room temperature (21°C) for 

30 minutes and the outer half layer of the vertebral column was imaged with AFM. An 

RTESPA-150A probe (Bruker, California, USA) was used for all of the experiments. The 

probe had a nominal spring constant of 5 N/m, tip radius of 8 nm and a resonant cantilever 

frequency of 150 kHz. To assess the nanoscale mechanical properties of the sample, the 

deflection sensitivity was calibrated, following which the spring constant of the cantilever 

was calibrated using the thermal tune method. The thermal tune method is based on linking 

the spring constant of the cantilever to its thermal (Brownian) motion. The included thermal 

tune module in NanoScope Analysis version 1.5 software (Bruker, Santa Barbara, CA, USA) 

directly supports the thermal tune method and automatically fits the resonance peak of the 
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obtained power spectral density plot of the cantilever in ambient conditions with the 

Lorentzian model to calculate the spring constant of the cantilever. 

Finally, a photo-stress coating polymer reference sample (PS1, Vishay Precision Group, 

Heilbronn, Germany) with a known elastic modulus was used to calibrate the elastic modulus. 

The manufacturer states that the elastic modulus of PS1 is 2.5 GPa. The elastic modulus of 

PS1 was also determined independently via nanoindentation (Keysight Technologies, 

Nanoindenter G200 with a DCM Head) utilising a Berkovich tip with 25 indents conducted to 

a depth of 500 nm. The nanoindentation results yielded an average elastic modulus of 2.8 

GPa ± 0.1 GPa, as shown in Figure 3.2. The mechanical mapping calibration procedure was 

described in Appendix A. 

 

Figure 3.2 Box and whisker plot showing the elastic modulus of the photostress coating polymer 

(PS1, Vishay Precision Group, Heilbronn, Germany) determined with nanoindentation. 

 

The AFM setup was integrated with an optical microscope which enabled the vertebral 

column to be identified and the probe was placed over it before testing. All testing was 

conducted with a scan rate of 0.9 Hz, a resolution of 256 pixels/line and a fixed scan size (2 × 
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2 m). The indentation depth of the AFM tip into the vertebral column tissue section for all 

the measurements performed in this study was controlled around 5 nm and thus the 

indentation depth/tissue thickness ratio was 0.05% for the zebrafish bone tissue section. 

For each of the age groups (3 samples per group), 14 representative images were collected 

from the outer half region per sample. There were 65,536 (256 × 256 independent force 

curves) measurements for each image. The force curves were fitted using the DMT analytical 

model as outlined by Young et al. (Young et al., 2011). All AFM raw data files were 

analysed to yield the mean elastic modulus for each image with NanoScope Analysis version 

1.5 (Bruker, Santa Barbara, CA, USA).  

3.2.7 Statistical analysis  

All statistical analysis was conducted in OriginPro version 9 (OriginLab, Northampton, MA, 

USA). All of the data are presented as mean ± standard deviation (SD). Firstly, as a quality 

control step, intra-group homogeneity was studied via the Kruskal-Wallis ANOVA test to 

determine if there were significant variations between measurements of wall thickness and 

also nanomechanical properties within each age group. Following this, group differences 

were assessed via suitable 2-sample independent tests selected after appraisal of data 

normality and homoscedasticity. Differences in vertebral column wall thickness, Ca/P ratio 

and nanomechanical properties were tested with the Kruskal-Wallis ANONA with Mann-

Whitney post-hoc test. The adjusted p values in our results were calculated by applying the 

Benjamini and Hochberg false discovery rate correction to all raw p values (Benjamini and 

Hochberg, 1995). To assess for statistical significance between distributions of 

nanomechanical properties, Kolmogorov-Smirnov (K-S) tests were applied to the data. The 

elastic modulus-Ca/P ratio and elastic modulus-wall thickness relationships were obtained 

through Spearman's Rank Order Correlation, and a correlation test was used to test the 
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significance. A multivariate transformation called principal component analysis (PCA) was 

used for integrating the chemical and histological data with nanomechanical results. 

3.3 Results 

3.3.1 Histological analysis 

Histology of the zebrafish was conducted on the fish trunk to identify the presence and 

structure of vertebral column (Figure 3.3). The locations of critical structures are labelled in 

Figure 3.3A including the spinal cord, muscular tissue, dorsal aorta and vertebral column. As 

shown in Figure 3.3, the vertebral column was visible in all samples as a dense, ring-like 

structure.  
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Figure 3.3 H&E stained histological sections for the zebrafish trunk at (A) 6 months (B) 10 

months (C) 14 months. The circular structure above the vertebral column is the spinal cord 

(SC). The majority of the trunk section was loosely organised muscular tissue (MT) 

surrounding the spinal cord and vertebral column (VC). The scale bar represents 200 µm. 

 

To assess the development of the vertebral column from adolescence (6 months) through to 

early adulthood (10 months) and mid-life (14 months), the thickness of vertebral column wall 

was measured via the histological images, as shown in Figure 3.4. Kruskal-Wallis test was 

performed for each group to test that no measurement within an age group was skewing the 

data. The test confirmed that there were non-significant differences between samples of the 

same group (Kruskal-Wallis ANOVA, p>0.05). Overall, the wall thickness was significantly 

increased as the zebrafish age increased through appositional growth (6 months = 8.4 ± 2.0 
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µm, 10 months = 14.8 ± 3.7 µm and 14 months = 18.6 ± 1.9 µm, Kruskal-Wallis ANOVA 

with Mann-Whitney post-hoc test, p<0.000, adjusted p<0.0001).  

 

Figure 3.4 Zebrafish vertebral column wall thickness at 6 months, 10 month and 14 months. Bar 

graph shows the mean ± SD (n = 3 fish per group). There were 15 measurements in each group 

(n=3 fish/age group with 5 locations for each age group).  

 

3.3.2 Bone ultrastructure  

The ultrastructure of zebrafish vertebral column was characterised by SEM and AFM. As 

shown in Figure 3.5, a defined lamellar structure was visible in the bone with it being most 

pronounced at 14 months (Figure 3.5E and 3.5F).  



95 

 

 

Figure 3. 5 SEM micrographs of the cross-section of the vertebral column in zebrafish at 

(A)&(B) 6 months, (C)&(D) 10 months and (E)&(F) 14 months. (A), (C) and (E) lamellar 

structure in all age groups. (D)&(F) high magnification of lamellar structure in 10 months and 

14 months sample. (E) Mineralized collagen fibrils in 6 months sample. Images (A), (C) and (E) 

are at x5000 magnification, (D) at x10000 magnification and (B)&(F) at x25000 magnification. 

 

Subsequently the ultrastructure of the vertebral column sections was probed using AFM and 

the major bone components were identified: mineral crystals and collagen fibrils (Figure 3.6). 

As shown in Figure 3.6A, 3.6C and 3.6E, the bone ultrastructure was highly mineralised in all 

of the groups. Furthermore, collagen fibrils were also observed in all of the samples (Figure 
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3.6B, 3.6D and 3.6F). These mineralised collagen fibrils appeared to be more randomly 

distributed in the samples at 6 months, while fibrils were highly organised and tightly packed 

along one direction in the samples at 10 months and 14 months. In some of the images, the 67 

nm collagen D-period could be identified in the fibrils, which had typical diameters of around 

100 - 150 nm (Figures 3.6G and 3.6H). 
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Figure 3. 6 Peak Force Error AFM images showing the ultrastructure of the zebrafish vertebral 

column at (A and B) 6 months, (C and D) 10 months and (E-H) 14 months (A), (C) and (E) are 

highly mineralized ultrastructure of zebrafish vertebral column at 6 months, 10 months and 14 

months respectively. (B), (D) and (F) are mineralised collagen fibrils of zebrafish vertebral 

column at (B) 6 months, (D) 10 months and (F) 14 months respectively. (G) and (H) are zoomed 

in Peak Force Error images of collagen fibrils with distinct D-period. 
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3.3.3 Chemical compositions in the bone 

EDX analysis was performed to determine the bone chemical composition at different ages. 

The vertebral column was mostly comprised of C, N, O, P and Ca elements. S appeared to be 

a minimal element, which was less than 1% in all groups (Table 3.1). Calcium and 

phosphorus were two of the most abundant elements in all samples, which were also the 

essential elements in bone tissue. The Ca/P ratio was evaluated for all the three groups as 

shown in Figure 3.7. Although no statistically significant difference was detected in the Ca/P 

ratio between the three age groups (Kruskal-Wallis ANONA, p = 0.4), the Ca/P ratio in the 

10 months and 14 months groups was slightly higher than that in the 6 months group; 6 

months = 1.74, 10 months = 1.97 and 14 months = 1.90). These data were related to 

nanomechanical properties (Section 3.3.4 and 3.3.5).  

Table 3.1 EDX results (mean±SD) for the 6 months, 10 month and 14 months zebrafish 

vertebral column. 

Element 6 months (weight %) 10 month (weight %) 14 months (weight %) 

Ca  41.06 ± 2.51 42.61 ± 11.25 42.91 ± 1.72 

P  23.63 ± 0.37 21.40 ± 2.02 22.54 ± 0.76 

O  14.32 ± 0.48 8.04 ± 4.48 17.38 ± 1.67 

C  14.02 ± 2.42 20.59 ± 6.36 11.76 ± 0.11 

N  6.27± 0.69 6.54 ± 3.36 5.09 ± 0.91 

S  0.69 ± 0.18 0.81 ± 0.08 0.32 ± 0.06 
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Figure 3.7 Ca/P ratio of zebrafish vertebral column at 6 months, 10 months and 14 months. 

Data are shown as mean±SD. There were 3 measurements in each age group (i.e. one EDX 

measurement/fish). 

 

3.3.4 Nanoscale mechanical properties 

PeakForce QNM was used to probe nanomechanical properties along with ultrastructural 

topography in the zebrafish vertebral column. Kruskal-Wallis ANOVA testing confirmed that 

there were no differences within each group (p > 0.05). As shown in Figure 3.8A, the mean 

elastic modulus was significantly higher in the 10 months and 14 months group as compared 

to the 6 months group; 6 months = 1703.6 ± 846.5 MPa, 10 months = 2056.1 ± 454.9 MPa 

and 14 months = 2301.5 ± 736.6 MPa (Kruskal-Wallis ANONA with Mann-Whitney post-

hoc test, p < 0.001, adjusted p < 0.001). The median of the measured nanomechanical 

properties was 1563.5 MPa, 2015.2 MPa and 2127.4 MPa for the 6, 10 and 14 months groups 

respectively. 
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Furthermore, significant differences in the elastic modulus distribution were observed 

between the 6 months and 10 months groups (Kolmogorov–Smirnov test, p < 0.0001), as well 

as the 6 months and 14 months groups (Kolmogorov–Smirnov test, p < 0.0001) (Figure 3.8B). 

Subsequently, the 14 measurements of elastic modulus and the 5 measurements of wall 

thickness obtained for each fish were averaged and compared with the mean Ca/P ratio. 

Overall, a significant and positive correlation with Ca/P ratio and nanomechanical properties 

was found (Figure 3.8C). The relationship between the elastic modulus and wall thickness 

was also found to be positively correlated in all samples (Figure 3.8D). 

 

Figure 3.8 Nanomechanical properties of the zebrafish vertebral column for 6 months, 10 

months and 14 months and its relationships with other parameters. (A) Elastic modulus of the 

vertebral column for each group (Kruskal-Wallis ANONA with Mann-Whitney post-hoc test, p 

< 0.001, There are 42 measurements per age group (n = 3 fish × 14 regions per group). (B) 

Frequency distribution of the elastic modulus (Kolmogorov–Smirnov test, p < 0.0001). The (C) 

Ca/P ratio-elastic modulus and (D) vertebral column wall thickness-elastic modulus relationship 

were found to be positively correlated (Spearman's Rank Order Correlation, Ca/P-elastic 

modulus: rS
 = 0.74, p = 0.022; Wall thickness-elastic modulus: rS = 0.67, p = 0.049). Plots (c) and 

(d) are based on the mean values for each fish. 
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3.3.5 Principle component analysis  

PCA was utilised to study the relations between all of the variables measured in this study. 

The measurements of elastic modulus and wall thickness in each fish were averaged (n = 3 

fish per age group) for the PCA. The projections that showed the best separation between the 

three ages studied corresponded to PC2 and PC3 (Figure 3.9A and 3.9B). The loading plot 

(Figure 3.9B) shows that whilst elastic modulus (E), wall thickness  and S contribute the most 

to the separation of 14 months from 6 and 10 months, the variables  Ca, P, C and O are the 

variables most responsible for the differences between 6 and 10 months from 14 months.  

Note that plots for PC1 and PC2 are provided in Figure 3.10. 

 

Figure 3.9 PCA for the variables measured in this study (A) Score plots of PC2 and PC3 

indicated a distinct separation in all of the three age groups. (B) Loading plot showed the 

relationships of the original variables with respect to each principal component. Elastic 

modulus and wall thickness appear closely correlated and relatively anticorrelated to P. 

Similarly Ca, C, N and Ca/P are closely correlated and anticorrelated to O. Overall, this 

multivariate approach is suitable to assess the age-related differences at the three time points 

selected. 
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Figure 3.10 (A) Score plots of PC1 and PC2. (B) Corresponding loading plots. These plots show 

good separation between 14 months and the other 2 time points only. Hence, PC3 was 

incorporated in the analysis, as shown in Figure 3.9.  

 

3.4 Discussion 

In this study, the zebrafish as a model vertebrate was used to investigate age-related structural, 

chemical and biomechanical changes during skeletal maturation. Under laboratory conditions, 

zebrafish typically reach sexual maturity at 3 months, and their optimal reproduction age 

ranges from 6 months to 12 months (Kishi et al., 2003, Nasiadka and Clark, 2012). The 

average lifespan of zebrafish is approximately aged 36 months with a maximum lifespan of 

up to 66 months (Gerhard et al., 2002, Kishi et al., 2003). Here, the wild-type zebrafish at 6 

months, 10 months and 14 months were used to explore age-dependent skeletal maturation 

and ageing process. The rationale for selecting these age groups was explained in Section 

3.1.1.2, which correspond to adolescence, early adulthood and mid-life of the average human 

lifespan. This is particularly relevant because human bone density peaks at about 30 years of 

age (early adulthood) and hence in this zebrafish model the properties of bone with advancing 

age, and its relevance to humans were explored.  
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Given the small sample size and high spatial resolution demands, an approach combining 

different techniques at the micro- and nano-scales was developed to study the zebrafish 

vertebral column, where SEM and AFM were employed for observation of the bone matrix 

and ultrastructural features, whilst EDX and PeakForce QNM were applied to characterise 

the chemical and nanomechanical changes, respectively. 

3.4.1 Zebrafish as a bone ageing model 

Zebrafish have several advantages as a model system for ageing research. This is because 

they experience senescence, have a genome which has been evolutionarily conserved and can 

also be manipulated genetically (Gerhard, 2003, Gilbert et al., 2014, Lieschke and Currie, 

2007). They have been found to be a suitable model for studying ageing and exercise (Gilbert 

et al., 2014), and also for bone research because their skeleton and mineralised tissues share 

many similarities with humans (Mackay et al., 2013). It is for this reason that zebrafish bone 

is hypothesised to be a suitable model for understanding changes in human bone with 

advancing age.  

Most of the research on bone to date has focussed on bone disorders such as osteogenesis 

imperfecta because, as highlighted by Mackay et al. (2013), in such conditions there are 

genomic and phenotypic similarities between the zebrafish and human cases. This study 

addresses the gap in the literature with regard to normal ageing and bone development in 

wild-type zebrafish. The limitations of using zebrafish for such bone ageing studies are 

addressed in Section 3.5. 
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3.4.2 Wall thickness 

The wall thickness measurements are a useful way of assessing the development of the fish 

skeleton with age. The ring-like structure in fish vertebrae serves as a way of determining age 

(Das, 1994). In this study, the wall thickness was assessed because it provides a good 

indication of the development of skeleton with age. Wall thickness measurements allow us to 

relate growth in the skeleton with mechanical properties and chemical composition. Although 

the relevance to the human skeleton may not be directly obvious, there may be some 

equivalence with cortical shell thickness, which plays an important role in the mechanical 

properties of the vertebral body (Eswaran et al., 2006). The PCA analysis (Figure 3.9) 

demonstrated that the wall thickness was most related to the elastic modulus.   

3.4.3 Ultrastructural properties of zebrafish bone 

A number of previous studies have used the zebrafish as a model vertebrate to explore the 

microstructure and mechanical properties of mineralised tissues. For example, zebrafish fin 

bony rays are proved to be a model for studying mineral formation process in skeletal bone 

(Mahamid et al., 2008). Ge et al. (Ge et al., 2006) first demonstrated the utility of zebrafish 

skeletal bone as a simple model to study bone mineralisation and human diseases using AFM 

and TEM. The same group have also used gene-mutated zebrafish models to explore changes 

in nanomechanical properties (Wang et al., 2002) and bone ultrastructure (Wang et al., 2003, 

Wang et al., 2004). In this study, the age-related structural and mechanical changes during 

skeletal maturation were linked in the zebrafish using the vertebral column as the target bone.  

Similar to previous studies (Wang et al., 2004, Zhang et al., 2002), a lamellar structure was 

visible in the SEM images. The lamellar structure was more discernible in the 14 months 

specimens. However, the plywood-like structure reported by Wang et al. (2004) was not 



105 

 

clearly identifiable in this study. This is most likely because the cryosections were analysed 

and not fracture surfaces. The AFM images showed mineralised collagen fibrils with plate-

like crystals evident. It should be noted that these tests were conducted without any chemical 

surface treatment, e.g. demineralisation, however, it was still feasible to detect some collagen 

fibrils with the distinct banding evident (Figure 3.6G and 3.6H).  

3.4.4 Ca/P ratio 

EDX analysis has been extensively documented as a useful quantitative method for the 

analysis of bone mineral status (Lochmüller et al., 2001), as well as the evaluation of 

mineralization by determining the Ca/P ratio (Mahamid et al., 2008) and assessing bone 

mineral changes (Åkesson et al., 1994). Although absolute measurements of Ca and P with 

EDX vary greatly, the Ca/P ratio exhibits good accuracy (Åkesson et al., 1994, Zaichick and 

Tzaphlidou, 2002). In bone, the relative content of Ca and P is essential for maintaining 

mineral balance and bone remodelling. Their co-dependence with the appropriate Ca/P ratio 

is also critical for bone mineralisation and development (Shapiro and Heaney, 2003). Bone 

Ca/P ratio is a good index of bone quality and can be used for diagnosing bone disorders. For 

example, reduced Ca/P ratio has been associated with osteogenesis imperfecta (OI) 

(Sarathchandra et al., 1999) and osteoporosis (Kourkoumelis et al., 2012). In OI bone, the 

Ca/P ratio is lower than healthy bone (Cassella et al., 1995). In a rabbit model of osteoporosis, 

a relationship was found between induced bone loss and a reduced Ca/P ratio  (Kourkoumelis 

et al., 2012). Ca/P ratio for bone has also been reported for healthy rats (Kourkoumelis and 

Tzaphlidou, 2010) and rabbits (Kourkoumelis et al., 2012) with ranges from 1.8 to 2.0 and 

1.9 to 2.2, respectively, which is relatively consistent with the data in this study. In the human 

skeleton, although Ca/P ratio is not significantly different with age, it appears to increase 

slightly from 15 to 40 years in males (Tzaphlidou and Zaichick, 2003) and 15 to 35 years in 
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females (Zaichick and Tzaphlidou, 2002) during skeletal maturation. This is also in good 

agreement with the findings in zebrafish bone in this study. Interestingly, the chemical 

composition measurements via the EDX analysis were the most useful to separate 6 and 10 

months, as seen by PCA. 

3.4.5 Elastic properties 

Due to the small size of the zebrafish vertebral column, AFM and nanoindentation are 

suitable techniques for characterising the biomechanical properties of the bone. Previous 

studies have shown that for 3 months old wild-type zebrafish, the elastic modulus of the 

vertebral column varies across the bone cross-section, with a decrease in elastic modulus 

from the inner to the outer layers of the vertebral column (Zhang et al., 2002). A similar trend 

has also been reported for 6 months zebrafish (Ge et al., 2006). This variation in mechanical 

properties matches their ultrastructural characterisation of the bone in terms of the degree of 

mineralisation from the outer to the inner layer in the bone. In this study, the PeakForce 

QNM was used to characterise the mechanical properties of the outer half region of bone for 

the three age groups. The mean values were 1.7 ± 0.8 GPa in the 6 months group, 2.1 ± 0.4 

GPa in the 10 months group and 2.3 ± 0.7 GPa in the 14 months group. The modulus values 

ranged from 0.7 - 4.3 GPa in the 6 months group, 1.2 - 3.4 GPa in the 10 months group and 

1.2 - 4.5 GPa in the 14 months group. These values were lower than the range reported by Ge 

et al. (6.4 - 9.8 GPa) and Zhang et al. (1.1 - 8.4 GPa). However, the differences in values are 

likely to be related to the different spatial resolution, location, testing methods 

(nanoindentation vs AFM) and due to the embedding/preparation method. With regard to the 

latter point, both Ge et al. and Zhang et al. utilised PMMA-embedded samples which may 

have elevated the elastic modulus values (Bushby et al., 2004).  
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The trends in the mechanical properties from adolescence to mid-life in the zebrafish (an 

increase of 35 %) follow the expected trends for human bone, based on apparent-level 

mechanical tests. For example, in human tibial trabecular bone, the Young’s modulus was 

found to increase by 27 % from young (16 to 39 years) to middle-age (40 to 59 years) (Ding 

et al., 1997). In human femoral cortical bone, the ultimate tensile strength of bone peaks at 

approximately 35 years and increases by 33% from adolescence (10 to 19 years) to mid-life 

(30 to 39 years) (Wall et al., 1979). It should be noted that the measurements with AFM are 

at the tissue-level and hence it cannot be compared directly with apparent-level modulus 

measurements. However, there have been no studies at the tissue-level on human bone which 

cover these age ranges. Rho et al. (Rho et al., 2002) used nanoindentation to show that there 

were no differences in the tissue modulus of human femoral bone with age, however their age 

range was from 35-95 years old. Similarly, Mirzaali et al. (Mirzaali et al., 2016) found that 

bone composition and the tissue-level modulus of human femoral bone (determined with 

microindentation) was independent of age, covering the age range 46 to 99. Given the 

scarcity of mechanical property data for younger human bones, the relevance of the zebrafish 

model here is clear. Although there is a gap in the literature regarding bone maturation and 

tissue-level modulus, other studies on mammals are consistent with the trends found in this 

study. Chittenden et al. (Chittenden et al., 2015) examined the elastic modulus and hardness 

of porcine cortical bone, with nanoindentation. They found an increase with age, from 1 to 48 

months, as the bone develops. They found that mineral content also increased with age. In a 

study on murine cortical bone, Raghavan et al. (Raghavan et al., 2012) used linear regression 

analysis to show that there are  patterns in the relationship between mechanical and 

compositional properties at the tissue scale when comparing skeletally mature young (4 or 5 

months) and old (19 months) animals. 
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Further studies on zebrafish could be extended to include structural and biomechanical 

changes associated with old age. The combination of genomic editing and chemical screening 

studies with the approach in this study holds great potential to advance orthopaedic medicine 

in the future.  

3.5 Limitations 

In the present study, we demonstrated that the zebrafish vertebral column has the potential for 

studies on bone maturation and ageing studies. However, although there are numerous 

advantages of using zebrafish for bone research, a number of limitations must be considered, 

as summarised by Geurtzen et al. (2017) (Geurtzen et al., 2017). Strictly speaking (as stated 

in the Section 3.1.2), zebrafish have ‘compact bone’ but not ‘cortical bone’ and trabecular 

bone is only located in the skull (Weigele and Franz‐Odendaal, 2016). Furthermore, it has 

been reported that zebrafish bone is devoid of obvious Haversian systems (Cui et al., 2007, 

Wang et al., 2004). However, in a detailed histological study, Weigele and Franz - Odendaal 

(2016) have clearly identified osteons in zebrafish bone with central Haversian canals, 

although they reported that osteons were rarely detected. This finding leads on to one major 

difference between zebrafish and mammalian bone; in zebrafish acellular bone (devoid of 

osteocytes) is found as well as mononucleated osteoclasts. In contrast, mammalian bone is 

exclusively cellular with multinucleated osteoclasts (Laizé et al., 2014). These acellular 

regions may explain why Cui et al. have not found complete Haversian systems. Despite 

these differences, the zebrafish skeleton does have a lamellar structure and exhibits a 

hierarchical organisation which is a characteristic of human long bones (Cui et al., 2007). 

Overall, the biomineralisation process and microstructure of zebrafish bone has also been 

found to be similar to that of human Haversian bone (Ge et al., 2006). In terms of cellular 



109 

 

activity and remodelling, there are a number of similarities between zebrafish and human 

mammalian bone including endochondral bone formation and ossification, bone formation by 

osteoblasts and bone resorption by osteoclasts (Laizé et al., 2014). Zebrafish osteoblast 

differentiation is also similar to that in mammals (Witten et al., 2001, Weigele and Franz‐

Odendaal, 2016). Differences arise in remodelling due to the presence of both mono- and 

multinucleated osteoclasts in the zebrafish. Nonlacunar bone resorption by mononucleated 

cells is an important remodelling process in zebrafish (Witten et al., 2001). Overall, zebrafish 

share many essential features in terms of bone formation and remodelling with vertebrates 

including mammals (Geurtzen et al., 2017).  

Similar to mammals, teleost skeletal tissue adaptively remodels to their loading environment 

(Fiaz et al., 2012), and have even been used as a model for human exercise and ageing 

(Gilbert et al., 2014). However, one limitation that should also be considered is that the 

loading environment on the zebrafish skeletal system is different from that of mammals.  

There are some limitations with the experimental approach that should also be addressed. 

Firstly, our study focused on the outer half layer (posterior) of the precaudal vertebral column. 

In future, it may be useful to examine the entire vertebral column to assess age-related, 

regional variations in the bone especially given the variation across the vertebral column that 

has been reported by Ge et al. (2006) (Ge et al., 2006). Secondly, future work could be 

conducted to determine apparent-level mechanical properties through tension and 

compression rather than focusing only on localised, tissue-level mechanical properties. 

PeakForce QNM AFM provides topographical and elastic modulus information at the nano-

scale. However, to fully understand the biomechanical properties of zebrafish bone it would 

be useful to determine its fracture resistance, strength and toughness. Finally, use of 

demineralisation methods would help better understand the interaction between the organic 
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and inorganic phases. The demineralised bone may have allowed individual collagen fibrils 

to be identified more clearly, for example with TEM. 

3.6 Conclusions 

To conclude, in this study, zebrafish served as a readily accessible model for studying bone 

development. Here, this study has shown how the ultrastructure, composition of zebrafish 

bone changes from adolescence to early adulthood and mid-life. Wall thickness in the 

vertebral column increased by 122 % from 6 to 14 months. This was associated with a 12 % 

increase in Ca/P and a 35 % increase in elastic modulus. Ca/P and elastic modulus were 

found to be closely correlated. These changes in bone properties with skeletal development 

are consistent with trends reported for mammals.  

Furthermore, using the zebrafish model, a nanoscale approach in the characterisation of 

small-scale biological samples and structures and linking the structure-property-functional 

properties was developed in this study. This approach has the potential to be extended for 

other ageing studies and bone pathology investigations in zebrafish. PeakForce QNM as the 

key technique in relating the structure and mechanical properties of small-scale biological 

structures was optimised in terms of its sample preparation, calibration and testing procedures. 

This pioneering study paves the way to probe human IMA and investigate structural and 

biomechanical changes with arterial stiffening in the following chapters.  



111 

 

3.7 Relevance of work to arterial stiffening 

By using zebrafish as an animal model, AFM based PeakForce QNM technique was 

successfully applied for probing small-scale biological structures. This work is relevant to the 

remainder of the thesis as follows: 

a. The appropriate preparation procedure for AFM characterisation of small-scale 

biological structures was validated. To maintain the fine architecture and avoid ice 

crystal formation, the biological tissues were snap frozen and cryosectioned prior to 

the AFM testing. Due to the substrate effect, it was found the nanomechanical and 

structural mapping gives high-quality mapping when the thickness of the tissue 

cryosection is fixed at 5 μm; 

b. The calibration procedure for quantitative mapping was optimised by using a custom-

made reference sample with known modulus, which eliminated the errors caused by 

reference sample ageing or wears; 

c. The collagen fibrils could be visualised and probed via PeakForce QNM, which 

promised a target for exploring structural changes and link structure-property-function 

in biological tissues. Furthermore, comparing with SEM and TEM, AFM is capable of 

characterising this protein and biological structures without extra preparation and 

fixation which is believed to not only complicate the measurement but also lead to 

abnormal assessment.  
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Chapter 4 

Nanomechanics and ultrastructure of the 

IMA adventitia in patients with low and 

high PWV 

 

 

This chapter focusses on structural and biomechanical changes in the tunica adventitia of 

human IMA from patients with low and high degree of arterial stiffness. The PeakForce 

QNM technique that was comprehensively assessed and optimised in Chapter 3 is utilised to 

test the soft human tissue. The nanomechanical and structural properties of the collagen-rich 

tunica adventitia are characterised in ambient conditions. The morphology of adventitial 

collagen fibrils were subsequently analysed using a custom-made routine. Moreover, the 

relationship between the ultrastructural properties and the degree of arterial stiffness was 

assessed. Through integrating with the quantitative proteomic data, this chapter seeks to 

understand the underlying pathogenesis of arterial stiffening at the nano- and the molecule-

level. 
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Abstract 

The collagen-rich adventitia is the outermost arterial layer and plays an important 

biomechanical and physiological role in normal vessel function. While there has been a lot of 

effort to understand the role of the medial layer on arterial biomechanics, the adventitia has 

received less attention. This study hypothesised that different ultrastructural and 

nanomechanical properties would be exhibited in the adventitia of the IMA in patients with a 

low degree of arterial stiffening as compared to those with a high degree of arterial stiffening.  

Human IMA biopsies were obtained from a cohort of patients with arterial stiffening assessed 

via carotid-femoral PWV. Patients were grouped as low PWV (8.5±0.7 ms-1, n=8) and high 

PWV (13.4±3.0 ms-1, n=9). PeakForce QNM was used to determine the nanomechanical and 

morphological properties of the IMA. The nano-scale elastic modulus was found to correlate 

with PWV. This study shows for the first time that nano-scale alterations in adventitial 

collagen fibrils in the IMA are evident in patients with high PWV, even though the IMA is 

not involved in the carotid-femoral pathway. The approach in this study provides new insight 

into systematic structure-property changes in the vasculature, and also provides a method of 

characterising small biopsy samples to predict the development of arterial stiffening. 
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4.1 Introduction  

Arteries are composite structures composed of three distinct layers, an inner intimal layer 

composed of endothelial cells, an elastin-rich medial layer and a collagen-rich external 

adventitial layer. Arteries stiffen as part of the natural ageing process and in vivo assessment 

of the arterial stiffening is important for clinical diagnosis. The most commonly used 

technique is PWV. PWV is based on recording the transit time of blood across two points in 

the vascular system and is considered a reliable method to determine arterial stiffness in 

routine clinical assessment (Laurent et al., 2006). Although PWV is a powerful predictor of 

risk of morbidity and mortality in a general population (Meaume et al., 2001), it does not 

capture the intricate and complex structural and biomechanical processes that occur in the 

ageing artery. Stiffness measurements derived from PWV assume that arteries are 

homogenous conduits, due to the inherent assumptions in the Moens-Korteweg equation on 

which the concept of PWV is based, although they are highly heterogeneous (Akhtar and 

Derby, 2015).  

Arterial stiffening is associated with distinct changes across the individual layers. For 

example, age-related arterial stiffening is largely attributed to changes in the intima due to 

atherosclerosis, and degeneration of the media (Sawabe, 2010). Furthermore, within these 

layers, alterations can be localised to individual components at the nano- and micro- scale 

(Akhtar et al., 2016, Akhtar, 2014). Hence, to understand the mechanisms driving arterial 

stiffening, the nanostructure and mechanical properties of individual layers within the artery 

need to be considered. 

Most studies which are concerned with vascular pathology or ageing have focused on the 

intima and medial layers of the artery whilst the adventitia has received less attention 

(Schulze-Bauer et al., 2002). The medial layer has an important biomechanical role because 
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during circumferential tension it bears approximately 60 % of the load (Kohn et al., 2015). 

However, the mechanical role of the adventitia in normal arterial function cannot be ignored. 

The adventitia is dominated by circumferentially arranged, wavy collagen fibrils (Kohn et al., 

2015). Due to its high collagen content, the adventitia is the stiffest layer of the artery and is 

thought to bear around 75% of the load during longitudinal tension (Lu et al., 2004, Kohn et 

al., 2015). It becomes the mechanically dominant layer during high-pressure loading 

(Schulze-Bauer et al., 2002). The adventitia has also been found to exhibit differing 

nanomechanical and viscoelastic responses in different arteries, which is related to their in 

vivo physiological environment (Grant and Twigg, 2013). The adventitia is not only an 

essential structural and load-bearing layer of arteries, it also plays an important physiological 

role in several vascular processes including atherosclerosis (Hu et al., 2004) and pulmonary 

hypertension (El Kasmi et al., 2014). The adventitia also has properties of a stem/progenitor 

cell niche (Majesky et al., 2012). It has been hypothesised that the adventitia may have an 

important role in the ageing process due to a loss of function of niche-dependent signalling 

(Majesky et al., 2012).  

Here, the PeakForce QNM (Young et al., 2011) was employed to investigate nano-scale 

properties of the adventitia in the human IMA. PeakForce QNM enables the co-localisation 

of ultrastructural and mechanical properties with a high resolution. This technique has been 

previously shown to allow detection of regional variations in the nanomechanical properties 

of collagen-rich tissue (Papi et al., 2014). This study presents both nanomechanical and 

ultrastructural data from the adventitia in a group of patients with known low or high PWV. 

The IMA can be collected during coronary by-pass operations and has already been 

established as a suitable model artery for generalised nonatherosclerotic arterial 

investigations because its matrix composition and biochemistry reflect alterations that occur 

in both the coronary and carotid arteries (Faarvang et al., 2016, Cangemi et al., 2011, Preil et 
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al., 2015). This study also relates the measured data to the expression of SLRPs which are 

involved in collagen fibril formation and have recently been found to be molecular targets for 

arterial stiffening (Hansen et al., 2015). This fundamental study offers new insight into how 

nano-scale changes in the adventitia are manifested in patients with a high degree of arterial 

stiffening. A number of studies have previously examined the specific contribution of the 

adventitia to the overall biomechanical properties of arteries (Hoffman et al., 2017, Schulze-

Bauer et al., 2002, Holzapfel et al., 2005). However, there have been no previous studies 

which have studied the contribution of the adventitia in relation to high PWV in humans. 

Furthermore, there are still very limited studies on the mechanical properties of the adventitia 

at the nano-level (Grant and Twigg, 2013).  

4.2 Materials and Methods 

4.2.1 Clinical characterisation 

The left IMA was collected from 17 patients during CABG operations and provided by the 

Centre of Individualized Medicine in Arterial Diseases (CIMA) (Odense University Hospital, 

Odense, Denmark), as part of a project approved by the Local Ethical Committee in Region 

Southern Denmark (S-2010044). The IMA is the repair artery for CABG operations. This 

study has made use of non-utilised IMA after the surgical procedure.  

Prior to CABG, patients were assessed by carotid-femoral PWV by using the Sphygmocor 

system under standardised conditions as previously described in (Hansen et al., 2015). 

Clinical data, including age, gender, BMI, diabetes and hypertension were recorded before 

the surgery. The raw clinical data from all of the patients were kindly provided by Professor 

Lars Rasmussen (Odense University Hospital, Denmark). The included patients were taken 
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from a larger cohort (Hansen et al., 2015) to form two groups; low PWV (8.5 ± 0.7 ms-1, n = 

8 patients) and high PWV (13.4 ± 3.0 ms-1, n = 9 patients), as summarised in Table 4.1. The 

categorisation of these patients as having ‘low’ and ‘high’ PWV are based on accepted 

reference and normal values for carotid-femoral PWV (Reference Values for Arterial 

Stiffness, 2010). 

Table 4.1 Clinical parameters for IMA biopsy donors for the low (n=8) and high PWV groups 

(n=9). Mean and SD or percentage are provided for each parameter. Student’s T-test was 

conducted for statistical analysis of the data. Additional data on smoking history is provided in 

Figure 4.11. The clinical parameter of each patient was summarised in Appendix B. 

Clinical parameters Low PWV High PWV P Value 

 
Mean  SD Mean  SD 

 
Age, y 67.9 10.7 69.9 7 NS 

BMI 26.5 4.7 28.4 4.6 NS 

PWV, ms-1 8.5 0.7 13.4 3 <0.001 

Systolic blood pressure, mm Hg 131.3 18.7 154.1 28.6 NS 

Diastolic blood pressure, mm Hg 77 10.7 79.4 12.3 NS 

Male, sex, % 87.5 
 

100 
 

NS 

Diabetes, % 12.5 
 

0 
 

NS 

Hypertension, % 50 
 

66.7 
 

NS 

Smoking, % 62.5 
 

88.9 
 

NS 

Total cholesterol, mmolL-1 4.1 0.5 4.9 1.5 NS 

P-Cholesterol LDL, mmolL-1 2.1 0.5 3.1 1.3 NS 

P-Cholesterol HDL, mmolL-1 1.2 0.1 1.1 0.3 NS 

P-Triglyceride, mmolL-1 1.6 0.6 1.6 0.5 NS 

P-creatinin, mmolL-1 89.8 19.9 91.6 20.4 NS 

HbA1c  0.06 0.007 0.06 0.002 NS 

 

4.2.2 PeakForce QNM characterisation  

Immediately after surgery the IMA vessels were embedded in OCT compound (Tissue-Tek 

Sakura Finetek, The Netherlands) and immediately frozen at -80°C after snap freezing. The 
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unfixed, frozen samples were then cryosectioned to a nominal thickness of 5 m using a 

Leica CM1850 cryostat (Leica Microsystems (UK) Ltd, Milton Keynes) and adhered onto 

glass coverslips. All the cryosections were stored in a -80°C freezer until testing. AFM 

imaging was conducted using the PeakForce QNM method with a MultiMode 8 AFM 

(NanoScope VIII MultiMode AFM, Bruker Nano Inc., Nano Surface Division, Santa Barbara, 

CA). Before measurement, the coverslips were mounted on metal stubs. The tissue sections 

were de-thawed at room temperature for 15 minutes and then washed with ultrapure water for 

10 minutes to remove any excess OCT compound. Once the sample was fully dehydrated, the 

adventitia was imaged with AFM. All measurements were carried out at room temperature 

(21°C) with Bruker RTESPA-150 etched silicon probes. These probes have a nominal radius 

of 8 nm and a cantilever with a nominal spring constant of 5 Nm-1 and resonant frequency of 

150 kHz. The spring constant and tip radius of the probe were calibrated prior to sample 

measurement. In addition, a PS1 reference sample (Vishay Precision Group, Heilbronn, 

Germany) with known elastic modulus was used to calibrate the elastic modulus 

measurements (see Chapter 3, Section 3.2.6) (Young et al., 2011).  
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Figure 4.1 Schematic representation of the experimental approach (A) IMA sections (B) 

Location of adventitia for testing. Image analysis routine: (C) AFM imaging (D) 

Nanomechanical property measurement with PeakForce QNM (E) and (F) Collagen fibril 

characterisation. 

 

Using the optical microscope integrated with the AFM setup, the inner adventitia (Figure 4.1) 

was identified, and the probe was placed over it prior to any testing. All testing was 

conducted with a scan rate of 0.93 Hz, a resolution of 256 pixels per line and with two fixed 

scan sizes (2 × 2 m for mechanical and collagen morphological measurements and 5 × 5 m 

for topographical observation). Along with topographical images, the PeakForce QNM 

method produced elastic modulus maps as described earlier. Thus, each image was composed 

of 65,536 measurements for mechanical property comparisons (256 × 256 independent force 
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curves). The indentation depth of the AFM tip into the IMA samples for all the force curves 

in this study was fixed around 5 nm that the ratio of the indentation depth relative to the 

thickness of the IMA tissue section was 0.1%. For each patient, 2 tissue sections were imaged 

and 3 random images were collected from each section for analysis, resulting in 6 images per 

patient. This added to a total of 48 and 54 images analysed for low and high PWV groups 

respectively. All of the raw AFM files were processed and analysed to yield the mean elastic 

modulus for each image with NanoScope Analysis version 1.5 (Bruker, Santa Barbara, CA). 

The force curves were fitted using the DMT analytical model as outlined by Young et al. 

(Young et al., 2011).  

4.2.3 Collagen fibril analysis  

Collagen fibril diameters and D-periods were analysed using a custom routine for Image 

SXM (Appendix F) (Heilbronner and Barrett, 2013). Following image capture, the raw image 

(Figure 4.3A) was opened with Image SXM (Figure 4.3B) and a convolution filter was 

applied with appropriated threshold adjustment, by which the AFM image was converted to a 

binary black and white image. In the image, individual collagen fibril can be considered as 

consisting of contiguous rectangular objects in which the width and length are equivalent to 

the diameter and D-period of the fibril. Subsequently, several pixels were added or removed 

from the edges of these rectangles in the binary image to seal or dilate these rectangles for 

more accurate measurement, and then pixels from the edges of these rectangles were removed 

until they were reduced to one pixel wide skeletons (Figure 4.3C). This procedure was used 

to analyse over 3000 rectangles for each group (Figure 4.3D), to obtain collagen fibril 

diameter and D-periods. In total, 102 and 148 images were analysed in this manner for 7 

patients with low PWV and 9 patients with high PWV. Images from 1 patient (patient 559) 

were composed of loosely packed fibrils and hence were unsuitable for the image analysis 



130 

 

routine which considered the fibrils as contiguous rectangular objects (see Figure 4.2). Thus, 

fibril morphology measurements for this patient were discarded.  

 

Figure 4.2 Peak Force Error AFM images (2 µm × 2 µm) of the adventitial layer of patient 559. 

The images were composed of loosely packed collagen fibrils and hence were unsuitable for the 

image analysis routine which considered the fibrils as contiguous rectangular objects.  
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Figure 4.3 Image analysis routine: (A) Original 2 x 2 μm AFM topography image; (B) Loaded 

images in Image SXM; (C) Thresholded and skeletonised image; (D) Valid rectangles in the 

image. Scale bar represents 200 nm. 

4.2.4 Histology  

To ensure that the vessel did not contain atherosclerosis or other pathologies and to judge the 

location of the external elastic membrane and the media-adventitia border, standard 

histological staining was performed on frozen sections with Mason Trichrome (connective 

tissue stain) and Weigert’s elastin staining as previously described (Preil et al., 2015b) (see 

Appendix C). The intima-media thickness was assessed from the Weigert’s elastin stained 

images by calculating the circumference of the medial and intima rings, and then determining 

the difference in the radius of the two rings. These measurements were made in ImageJ 

(Schneider et al., 2012) for all 8 and 9 patients in the low and high PWV groups respectively.  
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4.2.5 Integration of quantitative proteomics, nanomechanical data 

and patient metadata 

Quantitative proteomics data for some of the patient cohort analysed in this study were 

available from a larger cohort study published by Hansen et al. (Hansen et al., 2015). The 

raw data from this study were kindly provided by Professor Lars Rasmussen (Odense 

University Hospital, Denmark) for analysis. Full methodological data for these measurements 

can be found in their paper. The data available was for the 7 SLRP proteins that were found 

to be downregulated in the high PWV patients, namely decorin, biglycan, mimecan, lumican, 

prolargin, podocan and asporin. (Hansen et al., 2015). With the aim of integrating the 

nanomechanical and structural data acquired in this project with both proteomics data and 

patient metadata, a multivariate transformation called PCA had been used. 

4.2.6 Statistical methods 

All of the data are presented as mean ± SD and showed as mean ± SEM on all of the bar 

charts. The majority of the statistical analyses were tested using OriginPro, version 9 

(OriginLab, Northampton, MA). All patient measurements were averaged prior to statistical 

analysis. Group differences were assessed via suitable 2-sample independent tests selected 

after appraisal of data normality and homoscedasticity. Patient clinical characteristics in the 2 

groups were analysed with the Student’s t-test. Mann-Whitney U Test was used to compare 

the nanomechanical properties and the morphology of adventitial collagen fibrils in low and 

high PWV groups. To assess for statistical significance in distributions of D-period and 

diameter of adventitial collagen fibrils and nanomechanical properties between the low and 

high PWV groups, Kolmogorov-Smirnov (K-S) tests were applied to the data. Spearman's 

Rank Order Correlation was used to obtain the correlation coefficient for the elastic modulus-
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PWV relationship and a correlation test was used to test its significance. All statistical 

analyses were corrected for false discovery rate via Benjamini and Hoghberg method 

(Benjamini and Hochberg, 1995). Proteomics data were analysed in junction with 

nanomechanical variables and quantitative metadata variables (i.e. age, BMI, cholesterol and 

HbA1c) of all the patients via the unsupervised data transformation PCA. Patients with any 

missing values (reported in Table 4.2) were not included in the analysis. Data were mean 

centred and scaled prior to PCA analysis. The PCA analysis was performed in the statistical 

software R (Team, 2016). 
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Table 4.2 Summary of the patient numbers and subsequent tests that were conducted on tissue 

from each patient (n=8 and n=9 for the low and high PWV group). Nanomechanical analysis 

was conducted on tissue sections for each patient. Of these patients, collagen fibril diameter and 

D-period was determined for every patient except for 559 due to unreliable data obtained from 

the image analysis routine. Hence, there were 16 patients included in the collagen fibril 

morphology analysis (n=7 and n=9 for the low and high PWV group). The proteomics data was 

based on a previous study by Hansen et al. (2015). Hansen et al. collected proteomics data to 

determine SLRP expression for 12 of the patients included in this study (n= 6 in both the low 

and high PWV groups).  

Patient 

No. 

Number on 

PCA 

Nanomechani

cal properties 

Collagen 

fibril 

morphology 

SLRPs 

expression 

Low PWV        

522 1 Y Y Y 

549 2 Y Y N 

552 3 Y Y N 

559 4 Y N Y 

565 5 Y Y Y 

631 6 Y Y Y 

656 7 Y Y Y 

693 8 Y Y Y 

HighPWV     

524 9 Y Y Y 

534 10 Y Y Y 

573 11 Y Y N 

603 12 Y Y Y 

606 13 Y Y Y 

620 14 Y Y N 

627 15 Y Y Y 

643 16 Y Y N 

1202 17 Y Y Y 
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4.3 Results 

4.3.1 Histological analysis 

A histological study was undertaken on IMA vessels to assess the integrity of all tissue layers 

and to evaluate the presence of collagen and elastin. Representative histological sections of 

IMA vessels for both low and high PWV groups are shown in Figure 4.5. Collagen and 

elastin were present in the histological sections of both groups and the border between the 

media and adventitia could clearly be identified classifying these sample vessels as normal. It 

should be noted that the IMA is a transition artery which is typically muscular with little or 

no elastin, but it can have high elastin content in some individuals (Borovic et al., 2010a). 

Each of the IMA samples was characterised from the histology images and were all found to 

be muscular with low elastin content except for one patient in each group which had a 

moderate amount of elastin (see Appendix D). Example images from these two patients 

(patient 559 and patient 620) are presented in Figure 4.4. All histology images with Masson’s 

collagen staining and Weigert’s elastin staining for all the patients were available in 

Appendix C. As this study focusses on adventitial collagen, elastin content in the media was 

not consider a factor of influence in this study.  
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Figure 4.4 Masson’s staining for collagen (A) Patient 559 and (B) Patient 620. Weigert’s stain 

for elastin (C) Patient 559 (D) Patient 620. Both of these patients had higher levels of elastin 

than the others in the study. Scale bar indicated 200 μm. 
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Figure 4.5 Histological sections for the IMA (A) and (B) Masson’s staining for collagen in low (A) 

and high PWV (B) groups (C) and (D) Wiegert’s staining for elastin in low (C) and high PWV 

(D) groups. Scale bar indicates 200 μm. 

 

The intima-media thickness, as determined from the histology images, was 162.10  78.3 m 

and 209.3  76.6 m in the low and high PWV. The non-parametric Mann-Whitney U test 

demonstrated that there was no statistically significant difference between the two groups (p-

value = 0.19). 

4.3.2 Nanomechanical properties 

The PeakForce QNM was used to capture high-resolution mechanical property maps along 

with collagen fibril morphology in the adventitia. These nano-scale measurements were 

compared to the clinical assessment of ‘arterial stiffness’ via carotid-femoral PWV. A total of 

17 patients were analysed and 6 measurements were obtained for each. These were further 

averaged and statistical tests calculated.  
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The differences in elastic modulus between both groups of patients, i.e. low and high PWV 

(see Figures 4.6A), was tested via the non-parametric Mann-Whitney U test that resulted in a 

significant test (see details in Table 4.3). The different distribution of the elastic modulus 

measurements is shown in Figure 4.6B. A Kolmogorov-Smirnov test was performed resulting 

in a significant difference (p-value < 0.001) regarding elastic modulus distributions for both 

low and high PWV groups, indicating the significant heterogeneity at the sub-micron range 

for this variable. Furthermore, as shown in Figure 4.6C, Spearman’s correlation between 

PWV and elastic modulus was calculated to be 0.56 and tested and shown to be significant 

(p-value = 0.02). 
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Figure 4.6 Nanomechanical properties of the adventitia for the low and high PWV group. (A) 

Bar graph showing mean ± SEM (n=8 and n=9 patients in the low and high group). Asterisks 

represent a significant difference between both groups with p-value<0.01 (B) Elastic modulus 

distribution in each group (n =48 and 54 measurements in the low and high PWV groups 

Kolmogorov-Smirnov, p<0.001). (C) A positive correlation of 0.56 between PWV and elastic 

modulus was found when data from both groups were pooled together (Spearman’s Rank 

Order Correlation, p-value=0.02). 

 

Table 4.3 Elastic modulus summary statistics. Median, mean, SD and sample size (n) for each 

cohort are provided for the low and high PWV groups. Results from the non-parametric Mann-

Whitney U test are summarised. 

Group 
Elastic Modulus 

(MPa) 

Statistical 

test 
95% CI p-value 

Adjusted 

p-value 

 
n Median Mean 

    
Low 

PWV 
8 2055 2159.3 

Mann-

Whitney 
(-1154.8, -309.8) 9.8x10-4 0.003 

High 

PWV 
9 2866.4 2895.2 
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4.3.3 Morphology of adventitial collagen fibrils 

Subsequently, the collagen fibril morphology in the adventitia for the low and high PWV 

groups was compared. Abundant collagen fibrils were observed in the adventitial layer with 

AFM in both groups (Figure 4.7). The collagen fibrils were found to be tightly packed and 

highly aligned (Figure 4.7A and 4.7B). In some instances, the fibrils were orientated 

transverse to the principal direction. In the smaller scan sizes (2 µm × 2 µm), the D-period 

and diameter of individual collagen fibrils could clearly be seen (Figure 4.7C and 4.7D). The 

example AFM topographical image of collagen fibrils in each patient was summarised in 

Appendix E. 

 

Figure 4.7 AFM topography images showing collagen fibrils in the adventitia. Example images 

are shown for the low (A) and high (B) PWV groups at 5 x 5 μm. Typical 2 x 2 μm images are 

also shown for the low (C) and high (D) PWV groups. At this scan size, individual collagen 

fibrils were clearly visible with their characteristic D-period. 
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For each of the patients, an average of 460 and 450 measurements were taken from the AFM 

images for collagen fibril diameter and D-period respectively. All measurement data obtained 

for each patient were averaged. 

Collagen fibril diameters are shown in Figure 4.8. Differences in collagen fibril diameter 

between both groups of patients, i.e. low and high PWV (see Figures 4.8A), were tested via 

the non-parametric Mann-Whitney U test that resulted in a non-significant p-value (p-value = 

0.8). Summary statistics are shown in Table 4.4. Despite not finding overall mean differences 

the low PWV patients presented a larger number of small diameter fibres than high PWV 

patients, e.g. 55.6 % of fibrils were < 120 nm in the low PWV group as compared to 51.4 % 

in the high PWV group. Consequently, the fibril size distributions were tested via a 

Kolmogorov-Smirnov test and a statistically significantly different was found (p-value = 

0.0015). The distributions are shown in Figure 4.8B. Due to these differing distributions, the 

fibril diameters were further analysed by splitting the diameters into three size groups as 

shown in Figures 4.8C - 4.8E. The significance was determined with the Mann-Whitney test 

between both groups at these diameter interval: 70 - 120 nm, 120 - 150 nm and 150 - 200 nm. 

These subgroups were chosen as they are in agreement with previous studies focusing on 

collagen fibril ranges (Merrilees et al., 1987, Parry et al., 1978). The Mann-Whitney U test 

yielded a statistically significant difference for the 70 - 120 nm group, with the mean 

diameter being higher for the high PWV group (adjusted p-value = 0.049). Full details for the 

statistical tests can be found in Table 4.4.  
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Figure 4.8 Collagen fibril diameter in the low and high PWV groups (A) Bar graph showing 

mean ± SEM (n=7 and n=9 patients in the low and high group) (B) Distribution of diameters in 

the two groups (n= 3228 and 4141 measurements in the low and high PWV groups respectively). 

The distributions were statistically different. (C) - (E) Diameter values shown in 3 sub-groups; 

70-120 nm (C), 120-150 nm (D) and 150-200 nm. There was a statistically significant difference 

in the low sub-group, 70-120 nm (non-parametric Mann-Whitney U test, adj p-value=0.049). 

 

Collagen fibril D-period data are shown in Figure 4.9 and summarised in Table 4.4. Similar 

to the diameter analysis, differences in collagen fibril D-period between both groups of 

patients, i.e. low and high PWV (Figure 4.9), were tested via the non-parametric Mann-

Whitney U test that resulted in a non-significant p-value (p-value = 0.8). However, a 

statistically significant difference via Kolmogorov-Smirnov test was found in the D-period 

distribution between the two groups (p-value < 0.0001), as shown in Figure 4.9B. In the high 

PWV group, 36.9 % fibrils had a reduced D-period (< 59 nm) as compared to 31.8 % in the 

low PWV group. Furthermore, in the high PWV group, there were less fibrils with D-periods 

in the expected range of 59 - 70 nm (low PWV = 50.3%; high PWV = 43.3%). The expected 

ranges were determined from other studies (Tonniges et al., 2016, Fang et al., 2012). These 

differences are further highlighted in Figures 4.9C-4.9E where the D-period ranges are split 
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into 3 groups; 45 - 59 nm, 59 - 70 nm and 70 - 80 nm. The centre group, 59 - 70 nm covered 

the ‘expected range’ whereas the two tail groups (45 - 59 nm and 70 - 80 nm) represented 

those D-period values which are far from the expected values. The Mann-Whitney U Test 

revealed that there were statistically significant differences in the 45 - 59 nm (adjusted p-

value < 0.0001) and 70 - 80 nm groups (adjusted p-value = 0.046). 

 

Figure 4. 9 Collagen fibril D-period in the low and high PWV groups. (A) Bar graph showing 

mean ± SEM (n = 7 and n = 9 patients in the low and high group) (Mann-Whitney U test, p-

value = 0.8) (B) Distribution of diameters in the two groups (n = 3201 and 3994 measurements 

in the low and high PWV groups respectively). The distributions were statistically different 

(Kolmogorov-Smirnov, p-value < 0.0001). (C) - (E) D-period values shown in 3 sub-groups. 

There was a statistically significant difference in the low sub-group, 45 - 59 nm (Mann-Whitney 

U test, adj p-value < 0.0001) and also in the high sub-group, 70 - 80 nm (Mann-Whitney U test, 

adj p-value = 0.046). 
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Table 4.4 Collagen fibril diameter and D-period summary for the low and high PWV groups. 

Mean and SD and sample size are provided together with the results of the Mann-Whitney test 

for each variable. 

    Collagen fibril diameter  

  
n mean SD 95%CI p-value 

Adjusted 

p-value  

All 
Low 7 122.8 6.6 

(-6.41,6.81) 0.84 0.840 High 9 122.7 4.2 

Subgroups 

(nm) 

Percentage 

(%) 
mean SD 

   

70-120  
Low 55.6 101.5 11.5 

(-1.50, -0.05) 0.03 0.049 
High 51.4 102.3 11.1 

120-

150 

Low 30.9 133.3 8.5 
(-0.55,0.82) 0.72 0.860 

High 33.7 133.1 8.5 

150-

200 

Low 13.5 165.7 13 
(-1.16,1.28) 0.94 0.940 

High 14.9 165.3 12.2 

  Collagen fibril D-period 

  
n mean SD 95%CI p-value 

Adjusted 

p-value  

All 
Low 7 62.4 1.4 

(-1.66,1.62) 0.76 0.840 High 9 62.5 1.3 

Subgroups 

(nm) 

Percentage 

(%) 
mean SD 

   

45-59  
Low 31.8 54.5 3.3 

(0.25,0.77) 9.31x10-5 5.58x10-4 
High 36.9 53.9 3.6 

59-70 
Low 50.3 64.1 3.1 

(-0.13,0.29) 0.47 0.71 
High 43.3 64 3.1 

70-80 
Low 17.9 73.9 2.7 

(-0.63,-0.06) 0.01 0.046 
High 19.8 74.2 2.8 

 

4.3.4 Principal component analysis 

With the aim of studying the relations between the proteins published in Hansen et al. (2015) 

and the variables measured in this study were summarised and integrated in the multivariate 

transformation PCA to assess data structure as described in the methods. The score plot for 

this transformation is shown in Figure 4.10A where it can be appreciated that there is a 

difference between high and low PWV patients. The variables contributing the most to this 
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separation are shown in the loading plot (Figure 4.10B) where not surprisingly it can be seen 

that how PWV is one of the major contributors to the separation of the patients. Interestingly 

and in agreement with assessed data in this study, it is closely correlated with the elastic 

modulus. Furthermore, PCA on the data without the PWV variable shows similar separation 

between both high and low PWV patients and exhibits elastic modulus as one of the key 

variables to the separation (Figures 4.10C and 4.10D). Interestingly, D-period and collagen 

fibril diameter were also found to be negatively correlated. Most SLRPs were closed grouped 

in the PCA analysis with some differences in mimecan and biglycan. Mimecan was found to 

be one of the most contributing variables to the separation observed between groups. 

Biglycan was found closely related to collagen diameter. Additional data on smoking history 

is provided in Figure 4.11 
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Figure 4.10 PCA of patient proteomics, quantitative metadata and nanomechanical variables. 

(A) Score plot of the two first principal components. Each dot represents a patient. Patients 

coloured by group, ellipses represent the 67% region around the mean of the points of each 

group. (B) Loading plot of (A) showing the variables that contribute the most to the structured 

observed in (A); PWV and Elastic modulus are two of the most contributing variables to the 

separation between both groups. (C) Score plot of the two principal components of patient data 

without the PWV variable. Similar separation between both groups can be observed. (D) 

Loading plot of (C) shows how elastic modulus is one of the most contributing variables to the 

separation observed. Of the SLRPs, mimecan presents the most contribution to the separation 

between groups observed.  
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Figure 4.11 PCA plot with smoking history overlaid to the plot for each patient; (A) with PWV 

variable and (B) without PWV variable. 

 

4.4 Discussion 

In this study, the IMA was used as a model vessel to understand how the adventitia is altered 

in patients with a high degree of arterial stiffening. It is difficult to obtain aortic biopsies from 

arterial stiffening patients hence the IMA is essential. It is a suitable artery for in vitro arterial 

stiffening studies, since it is readily accessible as the repair artery during coronary artery 

bypass operations and hence it was available for this study from a well-characterised group of 

patients. The measure of ‘arterial stiffening’ used to characterise patients in this study was 

carotid-femoral PWV. Carotid-femoral PWV is an established measure of arterial stiffness in 

vivo and is determined from the time taken for the arterial pulse to propagate from the carotid 

to the femoral artery (Millasseau et al., 2005). Although the stiffness of the IMA does not 

contribute to the carotid-femoral PWV measurement itself, it has already been shown to be a 

model vessel for arterial stiffening studies and reflects more systemic changes in the 

vasculature (Hansen et al., 2015). This has also been highlighted by other studies. For 
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example, MMP-2 activity in the IMA has been found to be associated with age, hypertension 

and diabetes (Chung et al., 2008, Ergul et al., 2004). Furthermore, Fibulin-1, an important 

ECM protein involved in matrix organisation, has been found to accumulate in the wall of the 

IMA of patients with type 2 diabetes (Cangemi et al., 2011). Hence, each of these studies 

demonstrates that ECM changes in the IMA reflect generalised arterial alterations related to 

vascular stiffness, diabetes and other risk factors.  

4.4.1 Nanomechanics of the adventitia 

All previous studies that have utilised the IMA as a target to understand systemic changes 

associated with CVDs have reported global data for the IMAs e.g. with the use of destructive 

biochemical methods that do not discriminate across the different layers of the vessel 

(Hansen et al., 2015) or with measurements across the intima-media layers (Cangemi et al., 

2011). Given that the IMA is now an established model for vascular disease, this study 

sought to focus on the role of the IMA adventitia in arterial stiffening. Grant and Twigg 

(Grant and Twigg, 2013) demonstrated that the nanomechanical and viscoelastic properties of 

the adventitia of the porcine aorta and pulmonary artery exhibit distinct differences which are 

in line with their functional properties. This study now demonstrates that the nanomechanical 

properties of the IMA adventitia can help discriminate between distinct patient cohorts. 

Specifically, the nanomechanical data demonstrate that the IMA adventitia exhibits different 

mechanical properties at the level of individual collagen fibrils in patients with low PWV as 

compared to those with elevated PWV. The changes are manifested as localised stiffness 

increases in the adventitia in high PWV patients, as determined with AFM, and by 

ultrastructural changes (see 4.2 and 4.3). Downregulation of certain SLRPs has been 

previously found in the IMA occurs in patients with high PWV (Hansen et al., 2015). 

Downregulation of SLRPs is particularly relevant for the adventitia because SLRPs are 
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involved collagen fibril formation (Chen and Birk, 2013, Kalamajski and Oldberg, 2010). 

Collagen fibril morphology is discussed further in the following sections. 

4.4.2 Collagen fibril diameter 

This study focused on the inner adventitia and the resulting fibril diameters are in agreement 

with the work of Merrilees et al. (Merrilees et al., 1987) in which they report the mean-fibril 

diameter ranges from 50 to 100 nm in the adventitia of arteries from human, pig and rat. 

Merrilees et al. observed that artery collagen fibril diameters were inversely correlated with 

GAG levels. Furthermore, they suggested that fibril diameters serve as excellent markers for 

determining GAG levels in samples which are too small to sample biochemically. 

Fibril/proteoglycan interactions are responsible for stress transfer within the ECM and are 

altered with changes in fibril diameters (Goh et al., 2012). Our PCA analysis hints at a 

complex interaction between collagen diameter and SLRPs. Biglycan and collagen diameter 

are relatively correlated but they have a different direction in space with respect to lumican, 

prolargin, decorin, asporin and podocan. The important role of biglycan and decorin in 

governing collagen fibril structure has been highlighted in a study on a compound knockout 

model of mouse tendon (i.e. both biglycan and decorin) where there was a shift to larger 

diameter fibrils and also a shift in the diameter distribution (Robinson et al., 2017). 

The main difference in fibril diameter between low and high PWV groups that observed in 

this study was a different distribution of the collagen fibril diameters with high PWV patients 

showing less fibrils with small diameters (70 - 120 nm). Although there have been previous 

studies that have reported collagen fibril diameters in arteries (Merrilees et al., 1987, 

Tzaphlidou and Berillis, 2004), little is known about how collagen fibril diameters change in 

vascular tissue with ageing or with vascular stiffening. Current most developed understanding 

of the role of collagen fibril diameter in tissue biomechanics arises from studies on rat tail 
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tendon. An important study in this area is the work by Goh et al. (Goh et al., 2012). They 

developed a strain energy modelling approach to understand how collagen fibril diameter 

contributes to tendon resilience and resistance to failure. They suggested that their findings 

may have broader applicability to other connective tissues including vascular tissues. The 

Goh et al. model demonstrates that fibril size is related to strain energy density and that 

failure of the ECM is more likely to occur with smaller fibril diameters. This is because 

fracture is easier due to lower strain energy being absorbed; an increase in large diameter 

fibrils with a decrease in smaller diameter fibrils contributes to an increase in strain energy 

density. This is the trend that was found in the high PWV group. Hence, it was speculated 

that this change in fibril distribution, especially in small diameter collagen fibrils (< 120 nm), 

serves as a protective mechanism i.e. this provides resilience and resistance to the vessel as a 

response to wider pulse pressure and higher cardiac load associated with arterial stiffening.  

The limitations of the Goh et al. model for tendon work are that the rat tail tendon is not 

weight-bearing and may be influenced by systemic effects of ageing (Goh et al., 2012). 

However, these are not limitations when applied to the IMA due to the reasons stated earlier; 

the IMA does not contribute to carotid-femoral PWV, and it is also affected by systemic 

effects in the vasculature. 

4.4.3 Collagen fibril D-period 

Collagen fibril D-period is typically reported during in situ loading for soft tissues e.g. 

(Inamdar et al., 2017) where the D-period provides an indication of collagen fibril strain 

during loading. Very small changes in D-period provide an essential indication of the internal 

stress state within a tissue. For example, a decrease of approximately 1 nm has been 

associated with enzymatic degradation of cartilage tissue, and a decrease of 0.2 nm (Inamdar 
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et al., 2017) was related to significant internal stress in vivo on the collagen network in 

corneal tissue (Bell et al., 2018). 

D-period measurements have also been reported in the literature to compare different tissue 

types. For example, AFM has been used to characterise differences in D-period in the cornea 

and sclera for both mouse (Miyagawa et al., 2000) and human (Miyagawa et al., 2001) 

tissues. In these studies, the D-period in the sclera was found to be 3.3 nm and 2.4 nm lower 

than the cornea for the mouse and human respectively. These differences are thought to be 

related to differing ECM arrangements in the two types of tissue, for example, related to 

differences in proteoglycans and GAGs surrounding the collagen fibrils. 

More recently, a number of studies have shown that collagen D-period distributions change 

as a function of disease, as reviewed by Chen et al. (Chen et al., 2017). This study also 

indicated statistically significant differences in the D-period distribution in the low and high 

PWV groups. This motivated us to analyse the data further by splitting the D-period 

measurements into three groups hence allowing us to clearly identify the trends in D-period 

beyond the expected range (59 - 70 nm) (Tonniges et al., 2016, Fang et al., 2012). It can be 

noticed that the most significant difference between the low and high PWV groups was found 

in the low D-period range (45 - 59 nm) and the high D-period range (70-80 nm), as shown in 

Figure 4.9C and 4.9E. Although it is now clear from this study and others (Chen et al., 2017) 

that heterogeneity present in the collagen D-period appears to be important for understanding 

tissue properties and function, there is still a gap in the understanding about why these 

changes occur. 

To date, there are limited studies on collagen fibril D-period in vascular tissues. However, a 

recent study on a mouse model of abdominal aortic aneurysms used D-period measurements 

from AFM and TEM to investigate whether there was a difference in collagen fibril ‘quality’ 
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in AAA tissue relative to controls (Tonniges et al., 2016). AFM revealed much more 

variability in the AAA tissue and TEM revealed statistically significant differences relative to 

controls. Hence, the collagen D-period serves as a good indicator of changes within the 

tissue’s local environment. 

It should be noted that the AFM image analysis routine in this study enabled a large dataset 

for D-period to be determined whereas previous studies utilising AFM have been limited by 

manual measurements on a small number of images e.g. (Miyagawa et al., 2001).  

4.5 Limitations 

This study provides valuable insight into the utility of the IMA for arterial stiffening 

investigations, however there are a number of limitations which should be addressed. Firstly, 

although this study compares the mechanical properties of the IMA with carotid-femoral 

PWV it has to be acknowledged that the IMA is not involved in carotid-femoral PWV 

pathway and this work does not provide a mechanistic link between the two. Secondly, due to 

the number of different tests that were conducted on the IMA samples in parallel studies it 

was not possible to compare the AFM data with established functional biomechanical tests 

such as wire or pressure myography. Thirdly, the study only focusses on adventitial collagen, 

whilst other studies on the IMA (including the prior proteomics work) are based on 

measurements across the entire vessel i.e. intima-adventitia. Future studies would benefit 

from accompanying data on the medial layer. Fourthly, this study was not able to provide any 

histological quantification of collagen content which would have complemented the AFM 

work. Fifthly, alterations in other molecular components of the adventitia may be 

contributing to elastic modulus differences that this study found. However, such studies are 

beyond the scope of the present work. Finally, this study was limited by a sample size of 
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seventeen patients. However, it is still a larger sample size than other relevant adventitial 

biomechanics studies where samples sizes of six (Hoffman et al., 2017), eleven (Schulze-

Bauer et al., 2002) and thirteen (Holzapfel et al., 2005) have been reported for example.  

4.6 Conclusions 

The adventitia is an important layer of arteries in terms of both biomechanics and physiology 

of blood vessels, but in terms of arterial stiffening it has received little attention relative to the 

medial layer. This study on adventitial nanomechanics in the IMA compares patients with 

low and high PWV. This chapter has shown that the IMA is an ideal vessel for nano-scale in 

vitro experimentation because it is readily accessible during coronary artery bypass 

operations, and appears to reflect changes across the vasculature although it is not an elastic 

vessel and hence does not contribute to PWV measurements. This study found that the 

nanomechanical properties of the adventitia correlated with clinical assessment of arterial 

stiffness (via carotid-femoral PWV) and also downregulation of extracellular proteins that 

have already been shown to be associated with arterial stiffness. Interestingly, these 

extracellular proteins (SLRPs) are known to be involved in collagen fibrillogenesis (Hansen 

et al., 2015) and the ultrastructural properties of the adventitial collagen fibrils differed in the 

low and high PWV groups. In this work, the extensive dataset on collagen fibril diameter and 

D-period served as a suitable method for detecting alterations in the local adventitial 

environment. The findings obtained from this study highlight the important role of the 

adventitia in arterial stiffening and the suitability of the IMA as a target vessel for 

biomechanical studies. This study suggests that measurements of collagen fibril diameter and 

D-period are excellent nano-scale markers for assessing collagen fibril and adventitial 

‘quality’ in pathology. The approach in this study provides a method of characterising small 
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biopsy samples to predict the development of arterial stiffening. This will be an invaluable 

approach for future studies developing new therapeutic targets for tackling arterial stiffening.  
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Chapter 5 

Characterisation of ultrastructural changes 

in the medial layer of the IMA in patients 

with arterial stiffening  

 

 

This chapter builds on the work presented in Chapter 4. In this chapter, the tunica media of 

the IMA is tested with PeakForce QNM for the same samples that were used for the 

adventitial work presented in Chapter 4. This chapter compares the tunica media in hydrated 

and dehydrated conditions. As in Chapter 4, the mechanical property data are also compared 

with SLRP expression in the low and high PWV groups. Finally, the adventitia data (Chapter 

4) is compared with the medial data for assessing the best approach for determining arterial 

stiffness from the IMA samples. 
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Abstract  

In Chapter 4, PeakForce QNM was used to investigate the relationship between collagen 

fibril morphology, nanomechanical properties, and PWV in the IMA adventitia. Using the 

same specimens and techniques, this chapter explores the nanoscale elastic modulus and 

ultrastructure of the tunica media in hydrated and dehydrated conditions from the same 

patients described in Chapter 4. In both hydrated and dehydrated conditions, the tunica media 

samples in the high PWV group were significantly stiffer than samples in the low PWV 

group. The elastic modulus of the hydrated and dehydrated tunica media was significantly 

correlated with the standard clinical assessment of arterial stiffness (carotid-femoral PWV). 

Unlike in the adventitial collagen fibrils, there was no change in medial collagen fibril size in 

patients with high PWV. Medial collagen fibrils are dramatically smaller than the adventitial 

collagen fibrils. Interestingly, only in the hydrated condition was the expression activity of 

several SLRPs found to be negatively related to the medial elastic modulus. Both the 

hydrated media and dehydrated adventitia are suitable for reflecting the development of 

arterial stiffening and SLRPs expression. The comprehensive study of the collagen fibrils and 

nanomechanical properties integrating with the proteomic analysis in the IMAs demonstrated 

the possibility of linking property, mechanics, and function in biological samples. The study 

also identified targets for predicting arterial stiffening and CVDs.  
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5.1 Introduction 

As arterial pulsation increases with age, the tunica media becomes progressively stiffer, 

driven by a comprehensive consequence of alterations in the arterial ECM (Brüel and Oxlund, 

1996). This alteration involves medial degeneration; fragmentation, calcification, and MMP 

degradation. It also includes disrupting muscular attachments, stiffening of SMCs (Qiu et al., 

2010), increased collagen deposition, and decreased elastin expression (Fleenor et al., 2010). 

Alteration also sees the accumulation of advanced glycation end-products (AGEs) (Bakris et 

al., 2004, McNulty et al., 2007).  

Stiffening-related changes in the tunica media have been studied from a macro-scale 

(Weisbecker et al., 2013), micro-scale (Graham et al., 2011, Akhtar et al., 2016), at a cellular 

level (Qiu et al., 2010), as well as the molecular level (Cecelja and Chowienczyk, 2016, 

Lacolley et al., 2017, Sims et al., 1996, Wallace et al., 2005). However, information about 

alterations in the medial ultrastructure and ECM components is largely unknown. It has been 

widely acknowledged that altered ECM microstructure and components in the artery occur 

together with changes in their mechanical behaviour, which are likely to contribute to 

fundamental arterial stiffening. However, the assessment of the ultrastructural properties is 

highly dependent on length-scale, which significantly limits our understanding of the 

pathology of arterial stiffening and CVDs. 

In Chapter 4, the PeakForce QNM technique was utilised and successfully determined 

ultrastructural changes in the tunica adventitia from patients with arterial stiffening. In this 

chapter, the tunica media of the same specimens from the same patients are probed using the 

same technique. This chapter focusses on nanomechanical properties and collagen fibril 

morphology of tunica media in patients with a low and high degree of arterial stiffness.  
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More importantly, to the author’s best knowledge, there is no one use this technique for 

vascular tissue. This study develops an in situ nanomechanical mapping approach for the 

hydrated specimen in a fluid environment using PeakForce QNM. The measured data was 

also related to the expression activity of SLRPs, which are not only involved in collagen 

formation and organisation (Kalamajski and Oldberg, 2010) but also play essential roles in 

the biology of elastic fibres (Schaefer et al., 2007, Hwang et al., 2008), SMC-associated 

intima thickening (Onda et al., 2002), atherosclerosis (Zhang et al., 2015), and atherosclerotic 

plaques (Fischer et al., 2004). Thus, the SLRPs are relevant for studies on the media as well 

as the adventitia. This chapter further highlights how the changes in localised ultrastructural 

properties are associated with global arterial stiffness. This study further validates the utility 

of PeakForce QNM for assessing nanoscale mechanical changes in small-scale biological 

structures in ambient and fluid conditions.  

5.2 Materials and Methods 

5.2.1 PeakForce QNM study in ambient condition  

All the samples were tested by PeakForce QNM as described in Chapter 4, Section 4.2.2. 

Quantitative measurement was carried out using the same probe (RTESPA-150), calibration 

procedure, and analytical model (DMT). For comparison, the scan size, scan rate, and 

resolution were also consistent with the tunica adventitial study. All AFM raw files were 

processed with the same software (Bruker, NanoScope Analysis, version 1.5). To identify the 

IEL and EEL for localised measurement, optical microscopy integrated with the AFM setup 

was utilised. Three random localised areas were probed in the media of each tissue section. 

Two sections were studied for each patient. Thus, six measurements were conducted in total 

for each patient for biomechanical comparison.  
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Figure 5.1 The approach for localised nanomechanical mapping of the tunica media in human 

IMA. The IEL and EEL distinctly separate the tunica intima, tunica media, and tunica 

adventitia in the IMA. 

 

5.2.2 PeakForce QNM study in a fluid environment  

By using the same AFM setup, a Bruker SCANASYST-FLUID probe with an intentionally 

blunt tip (nominal tip radius = 20 nm) and extremely low spring constant (nominal spring 

constant = 0.7 Nm-1, resonant frequency = 150 kHz) was applied to map the delicate hydrated 

tissue section in distilled water. All of the liquid measurements were conducted in a fluid cell 

(MTFEML, Bruker). 

After conducting the same procedure to calibrate tip radius and spring constant of the probe, a 

polydimethylsiloxane (PDMS) sample was used as the reference sample for modulus 

measurement calibration. The elastic modulus of PDMS was determined independently via 

nanoindentation (Nanoindenter G200 with a DCM-II Head, KLA-Tencor, Milpitas, CA, USA) 

utilising a 100 µm flat punch prior to the calibration. The testing was conducted at 110 Hz 
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using an oscillatory nanoindentation method (Akhtar et al., 2018). The nanoindentation data 

yielded an average elastic modulus of 5.1 ± 0.36 MPa. 

For liquid environment testing, the scan rate was fixed at 0.5 Hz, and the resolution was set at 

384 pixels/line. The scan size was consistent with the dehydrated sample testing (2 × 2 µm) 

for comparison. Thus 147,456 (384 × 384 independent force curves) were obtained in each 

image to yield the mean elastic modulus. The indentation depth of the sharp tip into the 

hydrated artery sections for all the force curves was fixed around 20 nm. Thus, the 

indentation depth/tissue thickness ratio was 0.4% for the hydrated artery samples in this study. 

In the fluid environment, three random locations per tissue section and two sections per 

patient were tested for each patient, with a total of six positions studied in each patient. 

However, samples from three patients (ID: 552 in low PWV, and 620 and 643 in high PWV) 

were unintentionally damaged during the hydration process and could not be studied. Thus, in 

total, seven patients in the low and high PWV groups were examined in the fluid environment.  

5.2.3 Characterisation of collagen fibril size  

For each patient, there were two PeakForce error images with distinct collagen fibrils selected 

from the dehydrated tunica media. There were also three complete fibrils assessed for the 

collagen fibril assessment in each image. Thus, in total, there were six fibrils analysed in each 

patient. Examples of PeakForce error images of each patient for collagen fibril analysis are 

summarised in Appendix G. 
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5.2.4 Integration of quantitative proteomics, nanomechanical data 

and patient metadata 

As described in Chapter 4 Section 4.2.5, the 7 SLRPs proteins were integrated with the 

nanomechanical and structural data obtained in this study and patient metadata using PCA. 

5.2.5 Statistical methods  

Patient characteristics were presented as mean ± SD and all the bar charts were presented as 

mean ± SEM. All patient measurements were averaged prior to statistical analysis. All patient 

measurements were averaged before statistical analysis. Group differences were assessed via 

a suitable 2-sample independent test selected after appraisal of data normality and 

homoscedasticity. Differences between nanomechanical properties of hydrated and 

dehydrated media and medial collagen fibril diameter of the low and high PWV group were 

tested with the Mann-Whitney U test. Kolmogorov-Smirnov (K-S) tests were applied to 

assess the statistical significance in distribution of media collagen fibril diameter and 

nanomechanical properties of hydrated and dehydrated media between the low and high 

PWV groups. As the non-parametric version in this study, Spearman’s correlation coefficient 

was used to test relationships between the measured elastic modulus of hydrated and 

dehydrated media and the PWV as well as with the SLRP’s expression activity. Proteomics 

data were analysed in junction with nanomechanical variables and quantitative metadata 

variables (i.e. age, BMI, cholesterol and HbA1c) of all the patients via the unsupervised data 

transformation PCA. All statistical analyses were tested using OriginPro version 9 

(OriginLab, Northampton, MA). 
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5.3. Results 

5.3.1 Collagen fibrils in the hydrated and dehydrated medial layer 

All of the AFM PeakForce Error images of dehydrated tunica media from the 17 patients 

were examined. For each patient, there was at least one AFM PeakForce Error image that 

showed randomly organised collagen fibrils (see Appendix G). In the present study, the 

medial collagen fibrils appeared to be dispersed and embedded into the ground ECM 

substrate in both groups (Figure 5.2A and 5.2B). At a higher magnification (2 µm × 2 µm), 

fine individual collagen fibrils could be seen, and most of them formed laterally associated 

bundles in the media. However, the 67 nm D-period of these fibrils were poorly visible 

(Figure 5.2A – 5.2D). These findings were different as compared with the adventitial results 

in Chapter 4, where the collagen fibrils were highly arranged along one direction with distinct 

fibril edges.  
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Figure 5.2 AFM topography images of the collagen fibrils in the dehydrated tunica media from 

patients with (A & C) low and (B & D) high PWV. Dispersed medial collagen fibrils were 

distinct in (A) low and (B) high PWV groups in 5 ×5 µm2 AFM height images. High 

magnification AFM height images (2 ×2 µm2) of collagen fibrils were interwoven with each 

other in the tunica media from the (C) low and (D) high PWV group. 

 

In hydrated tissue sections, the medial collagen fibrils were poorly recognisable (Figure 5.3), 

which may be attributed to the decreased height differences between gap and overlap regions 

accompanied with collagen swelling in the fluid, as previously reported (Spitzner et al., 2015). 

Thus, collagen fibril imaging of hydrated tissue sections in a fluid environment often leads to 

degraded image resolution and quality, so that is impossible for fibril size assessment. 
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Figure 5.3 AFM topography images of the collagen fibrils in the hydrated tunica media from 

patients with (A) low and (B) high PWV. Image size was (A) 2 ×2 µm2 and (B) 10 ×10 µm2. 

 

Subsequently, the collagen fibril size in the dehydrated media for the low and high PWV 

groups was manually assessed and compared. Collagen fibril diameters in the dehydrated 

media of each patient are shown in Table 5.1. Overall, differences in collagen fibril diameter 

between both groups of patients, i.e. low and high PWV (Figure 5.4) were tested using a non-

parametric Mann-Whitney U test and resulted in a non-significant p-value (p = 0.47). There 

was also no statistical difference in the distribution of fibril diameter in the low and high 

PWV groups (Kolmogorov-Smirnov test, p = 0.17). 

For each of the patients, the diameter of adventitial collagen fibril was larger than that of 

medial collagen fibril (Table 5.1). Overall, a significant increase in fibril diameter was found 

from the media to adventitia in both low and high PWV groups (Mann-Whitney U test, low 

PWV: p = 0.00146; high PWV: p = 0.00041). In each group, the distribution of collagen fibril 

diameter of the media and adventitia was also found to be dramatically different 

(Kolmogorov-Smirnov test, p < 0.0001) (Figure 5.4). This increasing trend in collagen fibril 

diameter from the media to adventitia was consistent with previous studies (Merrilees et al., 

1987, Buck, 1987, Dingemans et al., 2000).  
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Table 5.1 Collagen fibril diameters in the tunica media and custom routine measured 

adventitial fibril size of each patient. Three fibrils in each image and two images for each 

patient were measured in the tunica media. More than 40 fibrils were measured in adventitia 

for each patient. 

  Patient ID Media Adventitia 

Low PWV (n = 6 fibrils in the 

media) 

522 98.65 ± 22.76 131.36 ± 23.81 

549 88.47 ± 32.29 131.46 ± 29.74 

552 77.20 ± 6.02 119.85 ± 23.41 

559 85.52 ± 4.87 N 

565 70.25 ± 3.65 123.74 ± 25.63 

631 77.78 ± 7.56 118.52 ± 24.66 

656 78.60 ± 10.14 120.58 ± 25.82 

693 79.65 ± 5.15 114.02 ± 22.16 

Overall (n = number of patients)   82.01 ± 8.68 122.79 ± 6.56 

High PWV (n = 6 fibrils in the 

media) 

524 89.91 ± 8.45 122.99 ± 24.04 

534 83.32 ± 27.50 120.07 ± 25.70 

573 69.80 ± 4.90 126.26 ± 23.42 

603 85.43 ± 10.02 120.69 ± 25.20 

606 113.54 ± 10.69 130.56 ± 26.16 

620 77.81 ± 9.45 125.92 ± 31.36 

627 87.48 ± 11.62 120.90 ± 25.64 

643 79.15 ± 8.11 120.03 ± 22.36 

1202 85.69 ± 8.60 116.93 ± 23.97 

Overall(n = number of patients)   85.79 ± 12.04 122.70 ± 4.18 

p   0.47 0.84 
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Figure 5.4 Collagen fibril diameter in tunica media and adventitia of patients with low and high 

PWV. Bar chart represents mean with SEM. Significant increases in fibril diameters from the 

media to adventitia were found in the low and high PWV group, respectively. 

 

5.3.3 Nanomechanical properties of dehydrated media in ambient 

condition 

In ambient condition, patients with high PWV had a stiffer media than the low PWV group 

(low PWV = 2116.2 ± 523.1 MPa; high PWV = 3163.6 ± 548.7 MPa, Mann-Whitney U test, 

p = 0.003) (Figure 5.5A). The elastic modulus ranged from 1325.5 to 2770.7 MPa and 2520.3 

to 4030.0 MPa in the low and high PWV groups, respectively. Modulus distribution between 

these two groups was also found to be significantly different (Kolmogorov–Smirnov test, p < 

0.0001) (Figure 5.5B). 
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Figure 5.5 Nanomechanical properties of the dehydrated media in both groups in ambient 

condition. (A) Bar graph showing a significant difference in elastic modulus of patients as mean 

± SEM (n = 8 patients in low PWV group; n = 9 patients in high PWV group). (B) Distribution 

of measured elastic modulus for both groups, significant differences were found between 

modulus distributions of two groups overall in the dehydrated media (Kolmogorov–Smirnov 

test, p < 0.0001).  

 

The mechanical data of dehydrated media was compared with the adventitial data in the same 

patients (Table 5.2). Overall, the two layers in patients with high PWV were significantly 

stiffer than those in the low PWV group (low PWV: n = 8 patients; high PWV: n = 9 patients). 

Although there was no statistical difference in the measured elastic modulus between the 

dehydrated media and adventitia in each group (Mann-Whitney U test, p > 0.05), the 

dehydrated media was slightly stiffer than the dehydrated adventitia in the high PWV group. 

In addition, in patients with high PWV, the ultrastructural stiffness increased by 49.5% and 

34.1% in the dehydrated media and adventitia, respectively. The coefficient of variation of 

the measured elastic modulus was also decreased in dehydrated media in high PWV. Taken 

together, these findings imply that the dehydrated media might undergo more mechanical 

related alterations in the ultrastructure during arterial stiffening. 
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Table 5.2 Nanomechanical properties of individual layers in dehydrated IMA in ambient 

condition. Mann-Whitney U test is used to test the statistical difference between each layer of 

the low and high PWV groups. 

 
Low PWV 

 
 Media Adventitia 

n 8 8 

Median (MPa) 2114.3 2055 

Mean (MPa) 2116.2 2159.3 

SD (MPa) 523.1 282.5 

Coefficient of variation (%) 24.7 13.1 

 
High PWV 

 
 Media Adventitia 

n 9 9 

Median (MPa) 2921.4 2866.4 

Mean (MPa) 3163.6 2895.2 

SD (MPa) 548.7 414.4 

Coefficient of variation (%) 17.3 14.3 

p 0.003 0.002 

 

5.3.4 Nanomechanical properties of hydrated media in a fluid 

environment 

In the fluid environment, the hydrated media in the high PWV group was approximately three 

times stiffer than that in low PWV group (low PWV group = 250.6 ± 39.0 kPa; high PWV 

group = 721.7 ± 291.9 kPa, Mann-Whitney test, p = 0.005) (Figure 5.6A). The median of 

measured elastic modulus of the hydrated media was 248.1 kPa and 654.7 kPa for the low 

and high PWV groups respectively. The measured elastic modulus of the patients ranged 

from 180.1 to 292.7 kPa, and 286.6 to 1114.7 kPa in the low and high PWV groups. A 

significant difference was found between modulus distributions in the two groups 

(Kolmogorov–Smirnov test, p < 0.0001) (Figure 5.6B). Furthermore, variation in the elastic 
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modulus between the low and high groups was more significant in the hydrated media than in 

dehydrated media. The stiffness of the dehydrated media increased 52% in the high PWV 

group relative to that of low PWV, while the elastic modulus of the hydrated tunica media in 

high PWV group was raised 188% compared to the low PWV group. After dehydration in 

ambient condition, the mechanical properties of these dry tissue sections were three times 

more stiffer than that of hydrated samples.  

 

Figure 5.6 Nanomechanical properties of the hydrated media in the fluid environment in all 

available patients. (A) The elastic modulus of hydrated media in each patient (n = 7 patients per 

group, Mann-Whitney test, p = 0.005). (B) Modulus distribution of tunica media in low and high 

PWV groups (n = 42 measurements per group, Kolmogorov–Smirnov test, p < 0.0001). 

 

5.3.5 Correlation analysis  

To assess the relationship between nanomechanical properties (PWV) and SLRP expression 

activity, Spearman’s rank-order correlation was used to calculate the correlation coefficient 

for the relationships to test their significance (Table 5.3). There were 17 available patients 

assessed in ambient condition and 14 available patients in a fluid environment. Overall, the 

nanomechanical properties of hydrated and dehydrated media were significantly and 

positively correlated with the patient’s PWV value, which was similar to the dehydrated 
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adventitia. These findings suggest that all of the dehydrated media and adventitia, as well as 

the hydrated media, can be used for reflecting clinical arterial stiffness.  

For correlations between SLRP expression and nanomechanical properties of different layers 

in all the available patients (n = 12 patients for both conditions), 4 of 7 SLRPs showed 

significant and negative correlation with measured elastic modulus of hydrated media. This 

corresponds to a previous study (Hansen et al., 2015) where 5 of 7 SLRPs (lumican, mimecan, 

prolargin, asporin and decorin) were downregulated in patients with high PWV. Nevertheless, 

the measured elastic modulus of dehydrated layers was not related to SLRP expression.  
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Table 5.3 Spearman’s rank-order correlation for assessing correlations of nanomechanical properties of different layers - PWV and SLRP 

expressions. 

IMA layers and 

testing conditions 
PWV SLRP expression 

   Lumican Mimecan Prolargin Asporin Podocan Decorin Biglycan 

Hydrated Media 

r 0.63 -0.71 -0.54 -0.72 -0.62 -0.48 -0.63 -0.15 

p 0.017* 0.01** 0.07 0.008** 0.033* 0.11 0.028* 0.63 

Dehydrated Media 
r 0.62 -0.20 -0.02 -0.48 -0.51 -0.27 -0.22 -0.12 

p 0.008** 0.54 0.95 0.12 0.09 0.39 0.48 0.71 

Dehydrated 

Adventitia 

r 0.56 -0.50 -0.45 -0.52 -0.39 -0.34 -0.34 -0.20 

p 0.02* 0.10 0.15 0.09 0.21 0.28 0.29 0.53 
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5.3.6 Principle component analysis  

The variables measured in this study were summarised and integrated with the SLRPs data by 

PCA. The score plot for this transformation is shown in Figure 5.7A where it can be 

appreciated that there is a difference between high and low PWV patients. The variables 

contributing the most to this separation are shown in the loading plot (Figure 5.7B) where, 

not surprisingly, it can be seen that how PWV is one of the major contributors to the 

separation of the patients. Interestingly and in agreement with assessed data in this study, it is 

closely correlated with the elastic modulus of dehydrated layers. Furthermore, PCA on the 

data without the PWV variable shows similar separation between both high and low PWV 

patients and exhibits elastic modulus of the hydrated and dehydrated layers as three of the 

key variables to the separation (Figures 5.7C and 5.7D). The elastic modulus of hydrated 

media was closely related to the age. In addition, the nanomechanical properties of 

dehydrated media and adventitia were closely correlated. Most SLRPs were closed grouped 

in the PCA analysis with some differences in mimecan and biglycan, which was similar to the 

PCA data of the adventitia (Chapter 4 Section 4.3.4).  
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Figure 5.7 PCA of patient proteomics, quantitative metadata and nanomechanical variables. (A) 

Scope plot of the two first components. Each dot represents a patient. Each dot represents a 

patient. Patients coloured by group. (B) Loading plot of (A) showing the variables that 

contribute the most of the structured observed in (A); PWV and elastic modulus of hydrated 

media (E-Hy), dehydrated media (E-Me) and adventitia (E-Ad) are four of the most 

contributing variables to the separation between both groups. (C) Score plot of the two 

principal components of patient data without the PWV variable. Similar separation between 

both groups can be observed. (D) Loading plot of (C) shows the E - Hy, E - Me and E - Ad are 

three of the most contributing variables to the separation observed. Elastic modulus of 

dehydrated media (E-Me) and adventitia (E-Ad) were highly correlated. Of the SLRPs, 

mimecan presents the most contribution to the separation between groups observed.  

 

5.4 Discussion  

In this study, the tunica media of human IMA was characterised building on the adventitial 

work presented in Chapter 4. The nanomechanical and ultrastructural properties of hydrated 

and dehydrated media were assessed to understand how the media is changed in patients with 
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a high degree of arterial stiffening. The structural features of media and adventitia were 

compared and evaluated by correlation analysis to assess the best approach for determining 

arterial stiffness from the IMA samples. Human IMA has been histologically well-

characterised as a transitional type of artery due to its low number of elastic lamellae 

(Borovic et al., 2010). Herein, the types of the IMAs from all of the 17 patients were assessed 

by Prof. Rasmussen that most of the IMAs are the muscular type (15 of 17) except for two 

patients (patient 559 and 620) (see Appendix D). 

Weigert’s elastic stain shows that there is little or no elastin in all the measured samples, and 

that predominant SMCs can constitute circumferentially continuous fibrous helix in the 

media (Borovic et al., 2010). These medial SMCs drive constriction or dilation of the artery 

to maintain tone and regulate blood flow to the peripheral regions of the body (Shirwany and 

Zou, 2010). Therefore, they contribute profoundly to the mechanical properties of the IMA, 

allowing for viscoelastic behaviour with hysteresis (Holzapfel et al., 2002). Although the 

IMA is mechanically negligible for global stiffness (O’Rourke et al., 2002) and PWV 

measurement (Cameron et al., 2003), it has recently been suggested as a promising target for 

disclosing the pathogenesis of arterial stiffening, especially at the molecular level (Chung et 

al., 2008, Engler et al., 2004, Faarvang et al., 2016, Preil et al., 2015, Hansen et al., 2015).  

5.4.1 Collagen fibrils in the IMA 

In this study, medial collagen was characterised by dispersed collagen fibrils, while 

adventitial collagen fibrils were found to be highly organised (Chapter 4, Section 4.3.3). 

These findings were consistent with those of a previous study (Beenakker, 2012). These 

different morphologies and architectures appear optimal for achieving layer-specific 

functionalities, i.e. media is mechanically predominant under the physiological condition 

allowing for vasoconstriction with the blood pulse, while the adventitial layer is crucial for 
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preventing the artery from overstretching and rupturing at high pressure and strain. 

Subsequently, the collagen fibril size was determined and a significant increase was found in 

collagen fibril diameter from the media to the adventitia. The fibril diameter was 69.78-

113.54 nm with an average of 84.01 nm in the tunica media. This was smaller than the 

diameter in the adventitia. The progressive increase in fibril diameter from the media to the 

adventitia is in agreement with findings from previous studies (Merrilees et al., 1987, Buck, 

1987, Dingemans et al., 2000). The presence of larger collagen fibrils has been speculated as 

an adaptation to the high mechanical requirement of the external media and adventitia 

(Dingemans et al., 2000). 

However, the measured fibril sizes in previous studies were relatively small than those 

determined in this study. Buck (1987) studied the fibril size across the entire rat carotid artery 

and found the largest fibrils in the adventitia (mean = 66.1 nm) compared to fibrils in 

different regions of the media (innermost media: 29.7 nm; middle media: 30.7 nm; outermost 

media: 37.4 nm). Buck (1987) also found that the fibrils in the outer interlamellar space have 

a larger size relative to the other fibrils in the media, which may arise due to either the higher 

mechanical requirement in the external media or the effects of adventitial fibroblasts. 

Merrilees et al. (1987) studied collagen fibril size across the arterial wall from a variety of 

mammal arteries. They found the size of the intimal and innermost medial collagen fibrils 

were similar, ranging from 30 to 40 nm, while the adventitial collagen fibrils were relatively 

larger in the aorta and femoral artery (mean fibril diameter: 60 – 80 nm) from humans and 

pigs than that in coronary arteries (fibril diameter: 50 – 60 nm). Dingemans et al. (2000) also 

discovered that the fibrils in the human aorta were larger in the external media (mean = 46.58 

nm) than that in the inner media (mean = 37.36 nm). These results may be due to the arteries 

being tested from different sites in different species of mammals, which could lead to 

different fibril sizes. Moreover, all of the fibril size measurements were conducted at the 
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longitudinal outer surface of the IMA fibrils from selected AFM images, whereas previous 

studies performed analyses of cross-sectioned collagen fibrils (Goh et al., 2012, Wood et al., 

2011, Goh et al., 2008). In addition, all IMA samples were not fixed or chemically treated 

before AFM imaging. However, for other imaging methods, the arterial tissue needed 

advance fixation or treatment.  

Previous quantitative proteomic tests (Hansen et al., 2015) distinguished five downregulated 

SLRPs in the IMAs from patients with high PWV and speculated on the possible effects of 

SLRPs in arterial stiffening, as well as on regulating collagen fibril assembly and architecture. 

Alterations in the adventitial collagen fibrils have been characterised to reveal the relation of 

SLRP expression-collagen fibril morphology-biomechanics in the IMA adventitia (see 

Chapter 4). However, in this study, there was no significant change in the collagen fibril size 

of the tunica media in patients with high PWV. Our PCA analysis also indicates that there are 

no correlations between the media collagen diameter and elastic modulus of the hydrated and 

dehydrated layers, as well as the SLRPs. Thus, it is suggested that the downregulated SLRPs 

exhibited more influence in the adventitial collagen fibril assembly and formation rather than 

collagen fibrils in the tunica media.  

5.4.2 Mechanical properties of the hydrated and dehydrated 

IMAs  

Although the PeakForce QNM has been recently used to probe biological samples under 

physiological conditions, information concerning how PeakForce QNM assess the 

nanomechanical properties of vascular tissue and arterial stiffening is scant. This study 

developed the PeakForce QNM mechanical mapping in the fluid condition for investigating 

the hydrated IMAs and the development of arterial stiffening for the first time. By using the 
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hydrated and dehydrated IMA tissue sections, the possibility of using the ultrastructural 

mechanics to reflect the degree of arterial stiffness was proved. This study demonstrated that 

both the hydrated and dehydrated tunica media showed an elevated stiffness at the 

ultrastructural level in the high PWV group.  

The literature on the layer-specific biomechanical properties of the human artery is sparse. 

The most relevant nanoindentation and AFM mechanical studies of arterial tissues in 

different species of mammals are summarised in Table 5.4. All of the studies reported data 

for hydrated arterial tissues. The stiffness of hydrated tunica media in the present study (mean 

elastic modulus: 250 kPa for low PWV, 722 kPa for high PWV, overall range 180 - 1115 kPa) 

is much higher than that of isolated medial SMCs (< 30 kPa) (Qiu et al., 2010, Engler et al., 

2004), which could occur due to the heterogeneity of biological tissues. Nevertheless, 

localised mechanical properties of the aortic media were much stiffer and exhibited 

considerable variability (kPa to GPa) (Beenakker et al., 2012) than the hydrated IMA media. 

The reduced stiffness and minor mechanical variation in the IMA media may occur because 

of the absence of elastic lamella, which has been proven to dramatically increase local 

stiffness (Kermani et al., 2017). On the other hand, the hydrated IMA media were slightly 

stiffer compared to those of the porcine aorta (60 - 130 kPa), determined by a custom-made 

nanoindentation test setup (Kermani et al., 2017, Hemmasizadeh et al., 2012). The relatively 

higher stiffness in this study may result from the different experimental parameters. For 

example, Hemmasizadeh et al. (2012) and Kermani et al. (2017) used a conical indenter with 

a much bigger tip radius (10 μm) relative to the probe used in this study (tip radius = 20 nm), 

which is believed to significantly reduce the measured stiffness (Sicard et al., 2017). In 

addition, Hemmasizadeh et al. (2012) and Kermani et al. (2017) determined the mechanical 

data by fitting the quasilinear viscoelastic model (QLV) rather than the DMT mode we used 

in this study.  
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The nanomechanical properties of dehydrated tissue sections in ambient condition were more 

than three orders of magnitude stiffer than that of hydrated samples in the fluid environment. 

This suggests the importance of water content in affecting the mechanical properties of soft 

biological tissues.  

In an arterial wall, collagen, elastin and SMCs are primarily responsible for the load-bearing 

functionality and variable stiffness across the arterial wall. This is mainly due to the arterial 

wall morphological quantities, including the elastic lamellae density, the total protein content, 

and the elastin circumferential percentage of fibres (Hemmasizadeh et al., 2015). In the 

present study, the staining and AFM topographical data were carefully checked to confirm 

that there was little or no elastin and elastic fibre in the IMA media. Meanwhile, all of the 

mechanical measurements were conducted on the areas without elastic fibres. Therefore, it is 

reasonable to speculate that the mechanical data in this study reflects nanoscale mechanical 

properties of the IMA medial ultrastructure which mainly attribute to the SMCs, collagen, 

proteoglycans and other ECM, except for elastin and elastic fibres.  

More importantly, the nanomechanical data suggests that the dehydrated medial layer 

experienced greater degree stiffening in its ultrastructure compared to the adventitia in 

patients with high PWV, which may indicate that stiffening-related changes may accumulate 

more frequently in the media.  

In an artery, SMCs are essential in regulating the synthesis and organising the arterial ECM, 

including collagen, elastin, and proteoglycans, which are highly responsible for arterial 

biomechanics (Lacolley et al., 2017). Mechanical connection and signalling between the 

SMCs and arterial ECM can also contribute to the arterial mechanical behaviour observed 

(Qiu et al., 2010). SMC dysfunction is highly related to not only elevated proliferation and 

migration ability of SMCs, but also to increased ECM synthesis and signalling. These factors 
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collectively result in impaired vasodilation and the ability to regulate blood pressure and 

subsequent arterial stiffening. Hansen et al. (2015) have identified a variety of altered 

network-forming collagens (type VIII and type IV) and actin cytoskeletal components in the 

IMAs from patients with a high PWV. These abnormal components have been discovered to 

regulate SMC migration, differentiation and morphogenesis (Sibinga et al., 1997, MacBeath 

et al., 1996, Lopes et al., 2013) while acting as connections between SMCs and the ECM 

(Gorenne et al., 2003). This can further increase medial tissue remodelling and stiffening, as 

well as global tissue stiffness.  
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Table 5.4 Summary of the mechanical properties of different layers across the arterial wall from mammals by nanoindentation and AFM studies. 

Dulbeco’s Modified Eagle Medium (DMEM). 

Vessel type Tip/Indenter 
Analytical 

Mode 
Condition Elastic modulus of layers 

References 

    
Intima Media Adventitia  

Porcine  

aorta 
R=10µm QLV PBS 

 

Innermost:124 ± 37 

Inner:114 ± 38 

Outer: 124 ± 43 kPa 

95 ± 28 kPa 

(Kermani et al., 

2017) 

Porcine  

aorta 
R=10µm QLV PBS Inner half:60 ± 2 Outer half:70 ± 2 kPa 

(Hemmasizadeh et 

al., 2012) 

Human 

femoral 

artery 

R= 0.17mm Sneddon 
Saline 

solution 
34.3 kPa 

  

(Lundkvist et al., 

1996) 

Porcine  

aorta 

R=20 nm 

k=0.58N/m 
Hertz 

PBS 

25℃/37℃  

25℃ 100kPa - 1GPa 

37℃ 100kPa - 100MPa 

25℃ 100kPa -100MPa 

37℃ 50kPa - 10MPa 

(Beenakker et al., 

2012) 

Ferret aorta 

and vena 

cava 

R=10 µm 

Modified 

Oliver-Pharr 

method 

Dehydrated 

Aorta:8 

MPa 

Vena:44 

MPa 

Aorta:21 Vena:28 MPa Aorta:35 Vena:43 MPa 

(Akhtar et al., 

2009) 
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Porcine aorta 

and 

pulmonary 

artery 

R=10 µm 

k=0.32N/m 
Hertz 

Ultrapure 

water, 37℃   

Aorta: 0.7- 391 and 

15.8kPa/Pulmonary 

artery: 2.3 - 1130 and 

88.9 kPa 

(Grant and Twigg, 

2012) 

Bovine 

carotid artery 

R= 4.5μm 

k=0.12N/m 
Hertz PBS 

 

Subendothelial matrix: 

2.5 ± 1.9 kPa  

(Peloquin et al., 

2011) 

Porcine 

carotid artery 

Tip radius 

2.5μm  
DMEM 

 
5 - 8 kPa 

 

(Engler et al., 

2007) 

Monkey 

thoracic aorta   
PBS/ 20℃ 

VSMC young(~ 6.4 year) = 13.7 ± 2.4 kPa old (~ 25 year) = 

23.3 ± 3.0 kPa 

(Qiu et al., 2010) 

Porcine 

carotid artery 

R=2µm 

k=60pN/nm 
Hertz DMEM SMC: 5 - 8kPa 

(Engler et al., 

2004) 

Rat aorta 
R 20-40 nm 

k=0.32N/m 
Hertz 

Growth 

medium 

37 ℃ 

0.35 - 0.55 

MPa   

(Mao et al., 2009) 
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5.4.3 Role of SLRPs in the IMA mechanical properties 

Proteoglycans are a family of complex and diverse macromolecules that are fundamentally 

associated with functionality and mechanics of the arterial wall. Although they are a minor 

component of the arterial wall (2 - 5% by dry weight) (Wight, 1989),  proteoglycans - 

especially SLRPs - play an essential role in arteriogenesis (Kampmann et al., 2009), 

atherosclerosis (Talusan et al., 2005), and arterial ECM remodelling (Barallobre-Barreiro et 

al., 2012). The quantitative proteomics data collected in this study from the entire IMA tissue 

have further integrated the nanomechanical data in the 12 available patients (6 patients per 

group) to explain the underlying factors associated with arterial stiffening. This study 

indicated that only the nanomechanical properties of the hydrated media are related to the 

expression activity of SLRPs. Based on the correlation analysis, it is reasonable to speculate 

that the hydrated media is a better layer to study stiffening related tissue remodelling. In the 

physiological environment, testing can reveal the tissue’s structure and mechanics that 

closely resemble features in vivo. 

SLRPs are essential in the structural integrity and functionality of the arterial wall by 

modulating synthesis, assembly and remodelling of arterial ECM components such as 

collagen, elastin, and SMCs. Expect for controlling collagen fibrillogenesis and collagen 

organisation, studies have revealed the importance of SLRPs in regulating proliferation and 

migration of SMCs that is predominant in the media of muscular arteries. Accumulated 

lumican, which is expressed in the SMCs, is located in the fibrous thickened intima and 

media where it associates with intimal thickening and is capable of maintaining adventitial 

mechanical properties in patients with atherosclerosis (Onda et al., 2002). Highly expressed 

mimecan found in human SMCs is shown to accelerate cell proliferation, migration and death, 

thereby regulating atherosclerosis (Zhang et al., 2015) and atherosclerotic plaques (Fernández 
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et al., 2003). Biglycan promotes SMC proliferation and migration in arteriosclerotic lesions 

related to arterial repair and pathogenesis of vascular injury (Shimizu-Hirota et al., 2004). 

Upregulated decorin is discovered in calcified regions in human atherosclerotic lesions, 

where it accelerates SMC calcification (Fischer et al., 2004).  

5.5. Conclusions 

This study probed the nanoscale stiffening-related ultrastructural changes in the tunica media 

of human IMAs in ambient and fluid conditions (ultrapure water) in patients with a high 

PWV. This study built on the adventitial study presented in Chapter 4. It is worth noting that 

the mechanical properties of the medial ultrastructure in both environments correlated well 

with the carotid-femoral PWV. Moreover, the tunica media was likely to experience more 

stiffening-related changes in the ultrastructure that mainly consists of SMCs, collagen, and 

proteoglycans. In addition, the correlation analysis suggested that the nanomechanical 

properties of both the hydrated and dehydrated tissue are suitable for reflecting the degree of 

arterial stiffness. Both the hydrated media and dehydrated adventitia were useful markers for 

indicating SLRP expression, revealed to be related to arterial stiffness. Unlike the adventitial 

fibrils, there were no distinct alterations in the medial collagen fibril diameter in patients with 

high PWV, although a trend of increased fibril size was found from the media to the 

adventitia. Nanomechanical mapping of hydrated vascular tissue conducted by the PeakForce 

QNM was developed in the fluid condition, which will be a significant approach for 

understanding the development of arterial stiffening and CVDs. 
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Chapter 6 

Discussion and Limitations  

 

 

This chapter discusses the main findings of this thesis and compares them with similar 

research in the literature to highlights the implications of this research. The limitations of this 

work are also described. 
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6.1 Discussion 

6.1.1 Nanomechanical mapping by AFM PeakForce QNM 

In this thesis, the author developed the AFM PeakForce QNM technique to characterise the 

small-scale biological structures in air and fluid environments. The mechanical properties of 

these tissues and ECM components are important in normal function and in the progressions 

of diseases and ageing. To gain insight into changes in the biomechanics of tissue structure 

with the development of diseases and ageing, it is essential to accurately assess the 

nanomechanical properties of tissue structure and ECM components. Nevertheless, the 

accuracy of the nanomechanical mapping highly depends on various factors such as probe 

parameters, calibration and operation procedures. In particular, the influence of AFM tip 

geometry and diameter on the mechanical assessment is considerable. The measured Young’s 

modulus is significantly increased when using a sharp AFM tip, compared to larger tips 

(Sicard et al., 2017). In this study, two different shape tips were used in air (RTESPA-150: 

tip radius = 8 nm) and fluid (SCANASYST-FLUID: tip radius = 20 nm) conditions 

respectively. Such probes are much smaller than the indenters/probes used in previous arterial 

nanoindentation (Kermani et al., 2017, Hemmasizadeh et al., 2012, Akhtar et al., 2009) and 

AFM nanoindentation (Lundkvist et al., 1996, Grant and Twigg, 2012, Peloquin et al., 2011, 

Engler et al., 2007, Engler et al., 2004) measurements and the measured elastic modulus 

significantly vary. Only a few other researchers (Beenakker et al., 2012, Mao et al., 2009) 

used the similar tip sizes as in this work. Thus, the tip geometry and radius can be a critical 

parameter when compared with literature values for arterial tissues mechanical 

characterisation by AFM or nanoindentation methods. Moreover, the measured elastic 

modulus from a sharp tip is capable of reflecting the interaction of the AFM tip with the 

nanoscale arterial structure and ECM compounds. The advantages of using sharp tips are 
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theoretically attractive, including a better resolution for probing smaller cellular and ECM 

features. The DMT analytical model used in this study assumed the sharp tip to be spherical 

which can minimise the strain and fulfil the assumption of small strains in Hertz’s mode 

(Sicard et al., 2017).  

Tissue section thickness is also a key parameter that significantly associates with the 

measured elastic modulus. Generally, the measured elastic modulus increases as the section 

thickness decreases. The relatively high measured elastic modulus on thin sections can be 

attributed to the influence of the underlying hard substrate (Gavara and Chadwick, 2012), the 

large indentation depth-to-section thickness ratio (> 10 %) and the finite section effect 

(Dimitriadis et al., 2002). Moreover, the variability of elastic modulus determined on thick 

section is much higher than that on the thin section (Sicard et al., 2017). This significant 

variation of measured elastic modulus in AFM measurement can reflect the heterogeneity of 

the sample (Rico et al., 2005). It is also noteworthy that the Hertz/DMT model assumes 

homogeneity and isotropy of samples. However, biological tissues like arteries and bones are 

anisotropic, hence the inherent tissue anisotropy may contribute to the thickness associated 

variation of the measured elastic modulus. In addition, the elastic modulus of thin tissue 

sections (thickness ≤ 10 μm) is not influenced by the applied force, while for the thick section 

the measured modulus can be significantly increased with more load applied onto the tip 

(Sicard et al., 2017). Taken together, to gain accurate mechanical mapping, it is, therefore, 

reasonable to section the zebrafish vertical column and human IMA to 10 μm and 5 μm 

thickness respectively in this study. More importantly, the maximum indentation depth is 

precisely controlled under 10 nm in this study through controlling the applied force on the 

AFM tip that the section thickness-to-tip radius ratios far exceeded the accepted value and 

avoids the non-linear strain-stiffening properties and substrate effect (Karduna et al., 1997).  
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The range of the working force applied to the sample plays an important role in the 

mechanical testing of soft biological tissues. Small applied forces can cause serious errors 

resulting from high experimental noise and misidentification of the contact point, whilst high 

loading forces can damage the tissue and even fracture the probe (Sicard et al., 2017). In this 

study, PeakForce QNM is capable of controlling the applied force around nN, thus allows for 

a relatively accurate mechanical measurement on the delicate soft tissue.  

6.1.2 Characterisation of small-scale biological structures and 

tissue ECM components 

Although the functionalities of biological samples are highly dependent on the tissue 

structure, the fundamental mechanical and structural properties of localised microstructure 

and tissue ECM components remain poorly understood. This is mainly because of the 

disparity between the measurable length scale of conventional mechanical testing techniques 

(10-3 to 10-1 m) and the size of biological tissue components (10-6 to 10-4 m) (Akhtar et al., 

2011). In this study, the average size of the zebrafish vertebral column is less than 200 μm in 

diameter. This corresponds to the dimensions of most tissue components and cells (Akhtar et 

al., 2011), as well as the human IMAs. PeakForce QNM promises an exciting potential to 

directly link the properties of fine tissue microstructure and even ECM components to their in 

situ nanomechanical properties, which drive a comprehensive understanding into how the 

tissue ultrastructural properties affect the overall tissue properties and the pathology of 

numerous diseases and ageing process.  

To date, there lacks a standard predictor that can be widely targeted to explore changes in 

biological tissue structure in the progress of diseases and ageing. Given the ubiquitous 

distribution throughout the body and characteristic banding pattern, collagen fibrils are 
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regarded as a perfect nanoscale marker to reflect the tissue ultrastructural properties and link 

tissue structure and mechanics at the nanoscale. The collagen fibril morphology and 

organisation in numerous tissues have been well documented to associate with the 

pathological progression of various diseases and ageing (Kotova et al., 2015, Wood et al., 

2011, Wallace et al., 2010, Danielson et al., 1997, Daxer et al., 1998, Sáez et al., 2016). 

However, due to its small size (diameter ranges from approximately 20 nm in the corneal 

(Daxer et al., 1998) to 500 nm in the tendon (Goh et al., 2012)), conventional mechanical 

testing methods cannot directly probe its mechanical properties. This research examined the 

bone and arterial tissues by using the AFM based PeakForce QNM and demonstrated the 

utility of this technique for characterising the morphological and mechanical properties of 

collagen fibrils simultaneously in both soft and hard biological tissues. Furthermore, this 

study developed a custom collagen fibril analysis routine (Chapter 4) that significantly 

improved the utility of collagen fibril as a tissue quality marker compared to the previous 2D 

fast Fourier transform image analysis method (Wallace et al., 2010, Wallace et al., 2011, 

Fang et al., 2012). Using PeakForce QNM, this study demonstrated that collagen promises an 

excellent target to illuminate age- and disease-related changes and link structure-mechanics-

function in biological tissues. 

6.1.3 Stiffening of the human IMA  

In this study, the ultrastructural stiffness of the hydrated media and dehydrated media and 

adventitia in the IMA from low and high PWV group were characterised for understanding 

the development of arterial stiffening at the nanoscale. Meanwhile, the topography of the 

corresponding ultrastructure was also mapped.  

All of the hydrated and dehydrated IMA individual layers exhibit high structural stiffness at 

the nanoscale in patients with high PWV, which demonstrates that the tissue ultrastructural 
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mechanical behaviour of the IMA in hydrated or dehydrated condition severs as a powerful 

predictor for distinguishing patient cohort. Moreover, the localised elastic modulus of the 

hydrated media and dehydrated adventitia associated with the degree of arterial stiffness 

assessed by PWV. Given the various tissue constitutions of each arterial layer, the 

ultrastructural properties combined with the proteome analysis data are utilised to investigate 

the localised ultrastructural stiffening in different layers with the development of arterial 

stiffening.  

Given the no or little elastin content in the media in this study, most of the IMAs are 

muscular arteries. Thus, the IMA media mainly consists of collagen, SMCs and other ECM 

components and the IMA adventitia is primarily composed of collagen and fibroblasts. 

However, the in situ ultrastructural imaging of the IMA only revealed distinct fibrillary 

collagen (type I and type III) (O'Connell et al., 2008) in the dehydrated media and adventitia, 

while the other tissue components were not distinguishable. This is because the fibrillar 

collagen fibrils possess the characteristic 67 nm banding structure and are abundant across 

the IMA, especially in the adventitia. Thus, the morphology of these arterial collagen fibrils 

serves as an excellent nanoscale marker for exposing the ultrastructural changes with arterial 

stiffening. In the human IMA, medial collagen fibrils were significantly smaller than the 

adventitial collagen fibrils. This finding is consistent with the previous studies (Buck, 1987, 

Dingemans et al., 2000, Merrilees et al., 1987). Although there was no statistically significant 

difference in the medial collagen fibril diameter in patients with high PWV, the diameter and 

D-period of adventitial collagen fibrils showed profound alterations in the high PWV group. 

The main differences were the distributions of the collagen fibril sizes and D-periods. In 

particular, there are less collagen fibrils with small diameters (70 - 120 nm) in the IMA 

adventitia from high PWV group, which is presumed to be a protective mechanism for 

withstanding high blood pressure and wider pulse pressure with arterial stiffening. On the 
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other hand, for the adventitial collagen fibrils in the IMA with high PWV, there were more 

fibrils with the low D-period (45 - 59 nm) and also more fibrils with the high D-period (70 - 

80 nm). Although the underlying reasons of the altered D-period are still unknown, the 

heterogeneity in the collagen D-period is important for understanding tissue properties and 

functions (Chen et al., 2017). Collectively, both the collagen diameter and D-period serve as 

good nanoscale predictor for reflecting changes within the arterial tissue’s local ultrastructure. 

In the IMAs, the PeakForce QNM data was integrated with the proteome analysis data for 

understanding the associations between the ECM remodelling and ultrastructural alterations 

with arterial stiffening. The subgroup of ECM proteins called SLRPs was almost all 

significantly regulated in patients with high PWV (Hansen et al., 2015). In the present study, 

within the dehydrated adventitia, previous identified arterial stiffening associated SLRPs 

were found to contribute to the separation of the patients with low and high PWV. Biglycan 

was found closely related to adventitia collagen diameter. More importantly, in hydrated 

media, these SLRPs were negatively correlated with the ultrastructural stiffness. The SLRPs 

are essential in the tissue ECM remodelling since they are capable of regulating the critical 

tissue components. In particular, SLRPs are involved in collagen fibril formation (Chen and 

Birk, 2013, Kalamajski and Oldberg, 2010) that result in abnormal fibril diameter and 

distribution (Robinson et al., 2017) and even tissue failure and dysfunction (Danielson et al., 

1997, Heegaard et al., 2007, Chen and Birk, 2013, Corsi et al., 2002). Thus, it is reasonable 

to speculate that the ultrastructural stiffening in the collagen-rich IMA adventitia is associated 

with the altered collagen morphology that may attribute to the downregulated SLRPs. 

Furthermore, the arterial SLRPs highly expressed in the SMCs are important in regulating the 

proliferation and migration of SMCs which is predominant in the IMA media (Onda et al., 

2002, Zhang et al., 2015). Although the SMC is mechanically insignificant for the arterial 

wall, it is crucial to controlling the synthesis and organising of the arterial ECM, including 
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collagen, elastin, and proteoglycans, which are highly responsible for arterial mechanics 

(Lacolley et al., 2017). Therefore, it is tempting to speculate that the downregulated certain 

SLRPs may lead to disordered proliferation and migration of the medial SMCs and thus 

increase the medial ultrastructural stiffness with the development of arterial stiffening. In 

addition, there were some other abnormal ECM proteins (e.g. network-forming collagens and 

actin cytoskeletal components) observed in patients with high degree of arterial stiffness. 

These proteins are also important in the SMC migration, differentiation and morphogenesis 

(Sibinga et al., 1997, MacBeath et al., 1996, Lopes et al., 2013). These structural proteins 

serve as critical connections between the SMCs and ECM (Gorenne et al., 2003) in the 

arterial wall. Collectively, the IMA medial remodelling profoundly associates with the 

expression activity of SLRPs and several other specific ECM proteins with the progression of 

arterial stiffening. 

6.2 Limitations 

6.2.1 PeakForce QNM technique limitations  

In this study, it has been shown that PeakForce QNM promises to be an exciting approach for 

characterising small-scale biological structures and the ECM components at the nanoscale. 

This approach significantly improves the understanding of how the altered tissue properties 

associated with the development of diseases and ageing. Nevertheless, there are still several 

limitations with this nanoscale technique that must be considered. Firstly, the main limitation 

of this technique is itself invasive and requires tissue isolation and cutting to expose the 

surface which is to be probed (Sicard et al., 2017). The nanomechanical and ultrastructural 

mapping is also profoundly influenced by the tissue section thickness, probe size and applied 

force. Secondly, the piezo actuators of the AFM have a limited range in the z-direction, 
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which significantly limits the sample thickness or depth (10 - 20 μm). Also, since the probe 

needs to be scanned across the sample surface during the AFM testing, it is possible that the 

shape of the probe is convoluted into the resulting image and the imaging error can be worse 

when the tip is dulled or damaged. Thus, the sample surface must be relatively flat, and the 

tissue section thickness cannot exceed the testing limitation. Thirdly, due to the considerable 

heterogeneity and soft behaviour, the AFM scanning area for biological structure generally 

cannot exceeds 50 × 50 μm2 and the AFM can only characterise the localised mechanical 

properties instead of across the whole tissue. Finally, although PeakForce QNM has 

dramatically improved the scanning speed, a tradeoff between the image quality and testing 

time need to be addressed.  

6.2.3 Sample limitations  

6.2.3.1 Zebrafish model 

When the zebrafish are used as a model for understanding bone development, differences in 

the bone structure and remodelling process between the zebrafish and the human need to be 

addressed, though the zebrafish skeleton possesses numerous similarities compared to human 

bone. The loading environment on the zebrafish skeleton system is also different to that of 

humans. Due to the small dimension of the zebrafish and its skeleton, it is challenging to 

conduct conventional mechanical testing methods, which is similar to the issues with the 

human IMA. 

6.2.3.2 Human IMA 

In this study, the human IMA is used as a model vessel for understanding the development of 

arterial stiffening. However, there also have a number of limitations which should be 

addressed. The IMA is not involved in the carotid-femoral PWV pathway, meaning the 
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stiffness of the IMA does not contribute to the carotid-femoral PWV measurement itself. This 

study also does not demonstrate a mechanistic relationship between the elastic modulus of the 

IMA and the PWV assessment. Secondly, although the IMA is a transitional type of artery, 

most of the measured IMAs are muscular arteries where the elastin and elastic fibres are 

absent. However, the medial elastic fibres and lamellae are essential for the mechanics and 

function of the arterial tissue. Finally, due to the limit amount of tissue available per patient 

and various parallel studies conducted in this study, it is not possible to compare the AFM 

data with established functional biomechanical tests such as wire or pressure myography. 

6.2.4 Limitations with the experimental approach 

6.2.4.1 Zebrafish vertebral column study 

For the zebrafish skeleton study, only the posterior of the precaudal vertebral column was 

characterised. However, it is important to examine the entire vertebral column from the 

precaudal to the caudal vertebrae for a better understanding of the regional variations in the 

bone structure with the progression of diseases or ageing. Moreover, PeakForce QNM only 

determines the nanoscale elastic modulus which cannot comprehensively characterise the 

mechanical properties of bone. Although the collagen fibrils were observed in the zebrafish 

skeleton, it is difficult to directly analyse these bone collagen due to the interfibrillar 

mineralisation.  

6.2.4.2 Human IMA study 

In the arterial stiffening study, firstly, the nano-level structural and mechanical alterations 

across the arterial wall with arterial stiffening have been examined. However, it was not 

possible to test the tunica intima due to its thin thickness. Secondly, although the diameter 

and D-period of adventitial collagen fibrils and medial collagen fibril size have been analysed, 
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the organisation of the arterial collagen fibrils is not studied. This is essential for assessing 

the global biomechanics of the biological tissue. Thirdly, this study did not conduct any 

quantitative measurement of the collagen and elastin content in the individual layers which 

would complement the AFM work for explaining the progression of arterial stiffening. 

Finally, except for the certain identified proteins from the quantitative proteomic analysis, 

there still have numerous stiffening related proteins and molecules in the arteries that to be 

further identified.  

6.2.4.3 Nanomechanical data analysis  

For each patient, there were 6 random localised images captured. This entailed 65,536 and 

147,456 measurements in each mechanical mapping in ambient and liquid conditions 

respectively. This study used the mean as metric for each image because the nanomechanical 

measurements of most images were normally distributed (see example in Figure 6 panels 

A&B). However, there were some images that have different distributions with the most 

common a positively skewed normal distribution (see example Figure 6 panels C&D), which 

is normal in biological tissue nanomechanics. Thus, it is better to use median instead of the 

mean to represent those images. To avoid the invalidation of the nanomechanical 

measurements, the mechanical mapping of the low and high PWV patients were conducted at 

the same time with the same AFM probe. In addition, the non-parametric statistical methods 

(Mann-Whitney, Kruskal-Wallis and Kolmogorov–Smirnov tests) were used in this study to 

analyse the nanomechanical data between the two groups. 

In this study, the author followed the same method for all samples to compare two groups of 

patients. Thus, it is expected that there should be not major bias introduced due to the 

limitation above and so the overall results should not change. 
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Figure 6. Example DMT modulus images of the nanomechanical properties and the 

corresponding modulus distribution of the dehydrated adventitia from patient No. 534 (A and B) 

and No. 693 (C and D). There were 65,536 measurements in each image. 

 

In this study, the author followed the same method for all samples to compare two groups of 

patients. Thus, it is expected that there should be not major bias introduced due to the 

limitation above and so the overall results should not change.  
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Chapter 7 

Conclusions and Future work 

 

 

This chapter summarises the key findings and contributions of the research work. In addition, 

suggestions for continuing the current work are also made. 
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7.1 Conclusions  

A zebrafish animal model and its vertebral column have been used to validate the utility of 

using the AFM Peakforce QNM for characterising small-scale biological structures. The 

human IMA has shown to be a model vessel for arterial stiffening and reflects more systemic 

changes in the vasculature. The nanomechanical mapping approach has been optimised and 

developed in the fluid and air environments for assessing hydrated and dehydrated tissues. 

The alterations in the mechanical properties of the medial and adventitial ultrastructure in 

patients with high arterial stiffness have been examined and found to associate with the 

clinical arterial stiffness assessment (PWV). The changes in the morphology of collagen 

fibrils across the IMA from patients with low and high PWV have also been determined to 

explain the nanomechanical data. The quantitative proteomics data has been integrated with 

the PeakForce QNM nanomechanical and morphological data for investigating the underlying 

changes and the structure-mechanics-function relation in vessels with arterial stiffening. 

Based on the objectives of this thesis, the key findings can be concluded in the following 

section. 

The first objective of this thesis was to explore the utility of the AFM PeakForce QNM for 

probing localised nanomechanical and structural properties of small biological samples using 

a zebrafish model. The vertebral column of the zebrafish was studied at a range of ages. This 

was the first study to show how the ultrastructural and mechanical properties of the zebrafish 

bone change with advancing age. PeakForce QNM was validated with a range of 

complementary techniques including SEM and EDX. This allowed the sample preparation, 

nanomechanical mapping calibration and ultrastructural characterisation to be optimised for 

the subsequent work.  
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Having validated the utility of the PeakForce QNM for characterising small-scale biological 

structures, the next objective of the thesis was to assess the alterations in the IMA adventitia 

with the development of arterial stiffening. Given the difficulty in obtaining an aortic biopsy 

from patients with arterial stiffening and the readily accessible and ability of human IMA to 

reflecting changes across the vasculature, the IMA is seen as an ideal vessel for nano-scale in 

vitro characterisation of the development of arterial stiffening and CVDs. Here, the 

nanomechanical properties of the IMA dehydrated adventitia were determined using 

PeakForce QNM, and the measured elastic modulus of adventitia was associated with the 

clinical assessment of arterial stiffness (via carotid-femoral PWV) and certain SLRPs that 

have already found to be correlated with arterial stiffness (Hansen et al., 2015). Using a 

custom routine for Image SXM, the diameter and D-period of adventitial collagen fibrils were 

assessed, and both morphological parameters served as suitable nano-scale predictors for 

detecting changes in the local adventitial property and evaluating collagen fibril and 

adventitial ‘quality’ in pathology. The altered mechanical and morphological properties of 

IMA adventitia highlight the important role of the adventitia in arterial stiffening.  

The third objective of this thesis was to assess the ultrastructural alterations in the IMA media 

in high PWV group, which is built on the second objective. The nanomechanical properties of 

the dehydrated media were also associated with the PWV assessed arterial stiffness. Given 

the different degree of increase in the nanomechanical properties and the different coefficient 

of variation of the measured modulus, the SMC-dominated media experienced more severe 

stiffening-related changes compared to the collagen-rich adventitia. However, there were no 

significant changes in the medial collagen diameter in patients with high PWV, which 

suggest the media collagen might not be a useful marker for assessing the alterations in the 

media with arterial stiffening, and hence highlights the relevance of the adventitia work 

covered with the previous objective. Compared to the adventitial collagen, the medial 
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collagen fibrils were smaller and randomly distributed that attribute to the different 

physiological functions of the media and adventitia. Although the nanomechanical properties 

of dehydrated media and adventitia were closely correlated and both played a role in the 

separation observed between both high and low PWV patients, the medial collagen diameter 

was not associated with the SLRPs. Hence, the dehydrated adventitia is a more powerful 

target for arterial stiffening study.  

To the best of the author’s knowledge, PeakForce QNM has never been used to assess 

hydrated vascular tissue under physiological condition. Here, the fourth objective of this 

thesis was to develop the PeakForce QNM conducted nanomechanical mapping in a fluid 

condition for characterising alterations in the IMA with arterial stiffening. The 

characterisation of hydrated biological samples in a fluid condition is no doubt a better 

environment for modelling the in vivo physiological environment. The PeakForce QNM 

nanomechanical mapping calibration in ambient condition was found to be accessible in the 

fluid conditions. A Spearman’s rank correlation confirmed a statistically significant 

correlation (p < 0.05) between the nanomechanical properties of hydrated media and the 

clinical assessed arterial stiffness, as well as the certain SLRPs expression that has been 

proved to downregulated in high PWV group. Thus, in a physiological environment, the 

hydrated arterial tissue better reflects the changes in the certain SLRPs and thus associates 

with the ECM remodelling and pathology of arterial stiffening. This will be an invaluable 

approach for future studies exploring localised nano-scale alterations in vascular tissue with 

arterial stiffness and even CVDs.  

Collectively, in the thesis, the Spearman’s rank correlation revealed the positive correlations 

between the nanoscale mechanical properties of the hydrated and dehydrated individual IMA 

layers and the clinical assessment of arterial stiffness (via carotid-femoral PWV), which 
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demonstrates the possibility of characterising small biopsy samples for predicting the 

development of arterial stiffening.  

Having assessed the localised nanomechanical alterations in the hydrated and dehydrated 

IMA individual layer and collagen fibril morphology across the IMA, the final objective of 

the thesis was to link the localised ultrastructural properties across the human IMA with the 

expression of arterial ECM proteins that have associated with high degree of arterial stiffness. 

The quantitative proteomics data of the IMAs were combined with the findings in this thesis 

to explain the localised arterial tissue remodelling with the development of arterial stiffening 

via the Spearman’s rank correlation and PCA analysis. Due to the multi-functionality of the 

SLRPs in the key arterial tissue components including collagen, elastin and SMCs, the 

expression activity of certain SLRPs was relevant to the structure of collagen-rich IMA 

adventitia, and negatively correlated with the nanomechanical properties of the hydrated 

SMCs dominant IMA media. Therefore, the nanoscale localised characterisation of the 

individual hydrated and dehydrated arterial layers integrating by the certain arterial ECM 

proteins comprehensively disclosed the associations between the stiffening-related alterations 

at the molecular-level and that at the tissue ultrastructural-level in the artery for 

understanding the development of arterial stiffening.  

7.2 Overall summary  

In conclusion, based on the AFM Peakforce QNM technique, a systematic approach has been 

developed for assessing localised nanoscale mechanical and structural properties of small-

scale biological samples and structures in hydrated and dehydrated conditions. Collagen 

fibrils serve as a nanoscale maker for reflecting the disease- or ageing-related changes in 

biological tissue. Alterations in the nanomechanical properties and collagen fibril 
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morphology across the human IMA have been characterised and associated with the degree 

of arterial stiffness. Finally, when combined with the quantitative proteomic data, the 

localised nanoscale characterisation of arterial structure bridges the gap between the 

understanding of the molecular-level pathological alterations and the apparent-level tissue 

dysfunction.  

7.3 Future work 

7.3.1 Nanomechanical mapping in a physiological environment 

This study proves that it is more representative when the hydrated tissue is studied in a fluid 

environment. Therefore, for better modelling the disease- and ageing-related changes, it is 

recommended to characterise the in situ ultrastructural properties of hydrated arterial tissue 

section in a physiological environment. The approach for assessing hydrated biological tissue 

needs to be further developed to probe the localised mechanical and structural properties at 

the nano-scale.  

7.3.2 Demineralisation for revealing the collagen fibrils in 

zebrafish skeleton  

The collagen fibril has been proved to be an excellent nanoscale marker to explore the 

changes in tissue ultrastructure and mechanics with the development of diseases and ageing. 

To better assess the bone collagen fibril morphology, it is necessary to remove the minerals 

prior to the AFM testing. It has been established that the ethylenediaminetetraacetic acid 

(EDTA) (Sasaki et al., 2002) is an appropriate acid to demineralise and reveal the collagen 

fibrils in bone structure. 
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7.3.3 Characterisation of IMA tunica intima 

The IMA tunica intima is highly associated with the development of hyperplasia and 

atherosclerosis (Ruengsakulrach et al., 1999). Thus, it is recommended to characterise the 

changes in the intimal ultrastructure in the future. Although the IMA intima is too thin to be 

accurately mapped in the tissue section in the present study, it is possible to cut the IMA tube 

longitudinally and expose the intima for AFM testing without tissue sectioning. This 

approach has been established in vivo in a rat aorta (Mao et al., 2009). 

7.3.4 Quantitative assessment of the collagen and elastin content 

in different layers 

Since both the collagen and elastin are key components to the mechanical and structural 

properties of arterial wall, it would be worth quantifying the changes in collagen and elastin 

concentrations of the different layers with arterial stiffening. This would complement the 

AFM work. 

7.3.5 Layer-specific distribution of the SLRPs and other ECM 

remodelling associated proteins 

Although the proteome analysis of the IMA has revealed the altered expression activity of 

certain SLRPs and several other ECM proteins, these proteins are collected from the overall 

IMA tissue that is not possible to reflect the layer-specific distribution. Given the localised 

characterisation of ultrastructural properties realised in this study, for the better association 

between the alterations at the molecule-level and the ultrastructure-level, it is critical to 

determine the layer-specific distribution of the SLRPs in the future.   
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Appendix A 

PeakForce QNM Calibration  

To avoid accumulated errors that can cause errors in modulus measurements, the relative 

calibration method was conducted using a reference sample of known modulus prior to the 

PeakForce QNM mechanical measurement.  

I. After choosing a probe that can cause enough deformation in the sample and still retain 

high force sensitivity, the deflection sensitivity was calibrated as the PeakForce QNM mode 

ramps the Z piezo and acquires force curves. A cantilever that is not thermally equilibrated 

tends to bend during the scanning process. This leads to movement of the laser spot which 

causes a sudden change of DMT modulus. To avoid this drift, it is notable that the probe 

needs to be maintained in the fluid environment at least 30 minutes for equilibration prior to 

any calibration.  

a. The scan size was set to 0 nm and the probe was engaged onto a clean sapphire.  

b. Then the ramp mode was active that the system scanning can be stopped and the 

probe can be located above the centre of the previous images. 

c. After entering the parameter settings and selecting ramp single, the force-z position 

curve was obtained and the deflection sensitivity around the contact (steepest) portion 

of the approach was calculated. 

II. Substantially, the spring constant of the probe was calibrated using thermal tuning method. 

a. The probe was adequately withdrawn from the sample surface to ensure the probe 

could not interact with the sample during its self-excitation in the thermal tune. 
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b. A frequency range that includes the resonant frequency of the cantilever and active 

the thermal tune was selected to acquire the Power-Frequency curve. 

c. Finally, the spring constant (K) of the cantilever can be obtained.  

III. With regard to the relative calibration method, photostress coating polymer (PS1, Vishay 

Precision Group, Heilbronn, Germany) and custom made polydimethylsiloxane (PDMS) was 

used for mechanical measurement calibration in ambient and fluid conditions respectively. 

After inputting the nominal tip radius, the reference sample was loaded and conducted the 

mechanical measurement in small scan size (< 1 μm2).  

a.  For ambient condition calibration, the ‘ScanAsyst Auto Control’ needed to be turned 

off and the Peak Force setpoint was adjusted accordingly until the deformation was 

around 1-3 nm and the measured DMT modulus was consistent with the known 

elastic modulus. 

b. For fluid environment calibration, the ‘ScanAsyst Auto Control’ mode was applied to 

reduce the feedback gain and lower the noise.  

c. In the PeakForce QNM measurements, it is essential to adjust the Peak Force setpoint 

to keep the deformation consistent with both reference and measured samples.  
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Appendix B 

Clinical characteristics of all the patients. Former in smoking status means stopped smoking for at least 6 months. 

Patient 

ID Age,y BMI 

PWV, 

ms-1 HbA1c 

Cholesterol, 

mmolL-1 

LDL, 

mmolL-1 

HDL, 

mmolL-1 

Triglycerid, 

mmolL-1 

Creatinine, 

mmolL-1 

BP, mm 

Hg Hypertension Diabetes Smoking 

522 73.2 26 7.9 0.056 3.5 1.6 1.3 1.3 106 144/82 no no Former 

549 57.9 26 7.7 0.061 3.7 1.6 1.3 1.7 69 156/79 no  no Active 

552 69.7 35 8 0.058 3.9 2.1 0.9 2 100 155/95 yes no Former 

559 84.4 25 9.7 0.075 4.2 2.6 1.1 1.1 66 120/65 yes yes Former 

565 66.3 24 9.1 0.054 4.8 2.9 1.1 1.8 87 115/75 yes no Never 

631 67.7 26 8.8 0.053 4.1 1.7 1.1 2.8 125 115/80 no no Never 

656 49.1 31 8.1 0.058 4.6 2.7 1.3 1.3 77 135/80 yes no Former 

693 74.6 19 9 0.058 3.6 1.9 1.3 0.8 88 110/60 no no Never 

524 64.4 26 13.8 0.055 3.8 1.9 1 2 91 128/72 no no Active 

534 61.9 30 12.5 0.054 6.5 4.6 1.3 1.3 130 158/83 yes no Former 

573 74.8 25 19.8 0.055 4.8 3 1.3 1.2 82 154/69 yes no Former 

603 67.4 36 13.8 0.061 3.4 1.9 0.5 2.3 82 215/104 yes no Active 

606 69.6 31 10 0.058 3.8 1.9 1.3 1.4 68 137/85 yes no Active 

620 82.5 21 12.1 0.055 3.9 2.4 1.2 0.7 73 140/70 no no Former 

627 72.6 33 16.2 0.059 6.5 4.5 1.1 1.9 92 184/76 no no Never 

643 60.8 25 11.7 0.056 7.3 5.3 1.1 1.9 87 130/90 yes no Former 

1202 74.8 29 10.9 0.057 3.8 2.3 0.9 1.4 119 141/66 yes no Active 



 

 

Appendix C 

Weigert’s stain for elastin (left) and Masson’s stain for collagen (right) for 

in all the patients. Scale Bar indicated 200 µm. 
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Appendix D 

Elastin content of the IMAs. This data were conducted and assessed by 

Prof Lars Melholt Rasmussen who is expert in cardiovascular research. 

Low PWV Group: 

522: Muscular, no elastin 

549: Muscular, low elastin content 

552: Muscular, low elastin, strong external elastic membrane 

559:  Elastic/muscular, moderate elastin content 

565: Muscular, but with elastic fragments in the media/adventitial border 

631: Muscular/elastic artery, some elastin fibrils in media 

656: Muscular 

693: Muscular 

High PWV Group: 

524: Muscular, low elastin content 

534: Muscular, low elastin content 

573: Muscular 

603: Muscular, low elastin stain in media, elastin fragment in the adventitia 

606: Muscular, elastic fragments in adventitia 
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620: Elastic artery (maybe in between elastic/muscular) 

627: Probably muscular. Quality not good 

643: Muscular 

1202: Muscular, strong external elastic membrane 
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Appendix E 

PeakForce height images of adventitial collagen fibrils of the IMAs. 
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Appendix F 

Macro for the collagen fibril analysis in Image SXM 

{01}var 

{02}x,mode,mean,min, max, ThisPic: real; 

{03} name: string; 

{04} n: integer; 

{05} begin  

{06}UnsharpMask('11x11'); 

{07}Measure; 

{08}GetResults(n, mean, mode, min ,max); 

{09}SetThreshold(mode); 

{10}MakeBinary; 

{11}SetBinaryCount(2); 

{12}Dilate; 

{13}Erode; 

{14}Dilate; 

{15}Erode; 

{16}Dilate; 
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{17}Erode; 

{18}Dilate; 

{19}Erode; 

{20}Dilate; 

{21}Erode; 

{22}Skeletonize; 

{23}Dilate; 

{24}Invert; 

{25}SetForegroundColor(255); { Make border black so that it touches} 

{26}SetLineWidth(6); { all objects truncated by the border} 

{27}DrawBoundary; 

SetForegroundColor(0);  

MakeRoi(0, 0, 32, 8);  

Fill;  

KillRoi; 

SetParticleSize(6, 92); 

{28}AnalyzeParticles('label','reset','ignore'); 

{29}ShowResults; 

{30} end; 
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Appendix G 

Peak Force Error images (2 µm × 2 µm) of the medial collagen fibrils from 

all the patients. 
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