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A number of pathologies are characterized by long term functional impairment of tissues

and organs in the human body. Some case pathologies are directly associated with gene

mutations that alter the biosynthesis of collagen; the basic structural element and most

vital protein of biological tissues in vertebrates.

An example is osteogenesis imperfecta, a heritable bone disorder characterized by ab-

normally increased number of bone fractures. Other pathologies, however, develop over

time as a result of tissue remodelling. In the case of asthma, the mechanical performance

of the bronchial airways are now thought to be affiliated with alterations in the quality

and quantity of collagen fibrils. This thesis is based on the hypothesis that both the

structure and biochemistry is altered in collagen–related pathologies, and as a result of

these alterations the mechanical properties of collagen fibrils are impaired.

The mechanical assessment of individual collagen fibrils (of larger than 100 nm in diam-

eter) has been accomplished with a number of techniques, but atomic force microscopy

(AFM) has been most widely used between several research groups and is the most

promising technique at hand for this task. The main aim of this thesis was to assess the

structure–mechanical function of collagen fibrils in osteogenesis imperfecta and asthma

by employing AFM cantilever based–nanoindentation.

Prior to conducting scientific studies, the AFM cantilever based–nanoindentation was

successfully validated with conventional nanoindentation, a well established technique in

thin film nanometrology. Collagen fibrils from the oim mouse model of osteogenesis im-

perfecta were mechanically characterized. This, as well as an in vitro study, using ribose,

to artificially cross–link collagen fibrils, demonstrated that the indentation modulus was

much dependent on the amount of non–enzymatic cross–links present in collagen fibrils.

Further, it became clear that alterations in the structure can have an effect on the type

of cross–link predominantly formed, as well as the hydration behaviour of collagen fib-

rils, and hence also on elasticity and in further instance likely on the ductility. Collagen

fibrils from asthmatic donors showed close a trend towards a lower indentation modulus

compared to collagen fibrils from healthy donors. An unparalleled biochemistry study

could in part complement on this difference but further experimentation is required to

draw conclusions with certainty.

To date there are several avenues that could explain the nanomechanical changes seen in

asthmatic collagen fibrils, yet the biochemical assays necessary to answer to these are,

unfortunately, beyond the scope of this thesis. One possible change may be the amount

of collagen types I and III, the abundant collagen types found in the submucosa. It

is suggested that the fibril diameter of collagen type I is decreased with increasing the

amount of collagen type III. The biochemistry study suggested a trend towards lower

amount of type III collagen in asthmatics. In consequence of a possible decreased fibril

diameter in asthmatics the density of the subepithelial layer in the airways could change

and hence the mechanical properties at the tissue level. Beyond structural changes,
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there could also be changes in the immature to mature cross–links which would affect

the fibril mechanics. This is supported by evidence of decreasing indentation modulus

with increase of the immature to mature cross–linking ratio. Moreover, a strong effect

of non–enzymatic glycation end products on collagen fibril mechanics was observed.

The indentation modulus of collagen fibrils with artificially induced AGEs (advanced

glycation end products) was significantly increased.

This finding suggests that relative amount of glycosylated collagen fibrils in asthma could

also be a contributing factor to the development of mechanical impairment of asthmatic

airways. Nevertheless, findings within this thesis suggest that the biochemistry of colla-

gen is directly associated with its mechanical performance. It has become clear during

this thesis that the AFM serves as an important tool to characterize mechanically basic

biological elements at the submicrometre scale. The technique used was highly effec-

tive towards associating the mechanics of individual collagen fibrils with pathology and

biochemistry in model systems. Paralleled data are still needed to provide a holistic

picture of a clear pathology state. Importantly, the technique is able to characterize the

mechanics of individual collagen fibrils and the studies presented within this thesis have

brought interesting results as well as further questions to be answered. With wider use

of the technique it is anticipated that some of the issues raised within this thesis can

also be discussed and answered by a larger research community.
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Chapter 1

Introduction

1.1 Background

Collagen is a family of closely related but chemically distinct molecules that make up

the extracellular matrix of tissues in the human body. To date, 28 different types of

collagen, which compose 25% to 30% of the protein mass content of the human body,

have been identified. This makes collagen the most abundant protein in the body of

humans and, indeed, all vertebrates.

Collagen is involved in many important functions, such as cell adhesion, migration and

chemotaxis. In addition, the dynamic interaction between cells and collagen regulates tis-

sue remodelling during growth, differentiation, wound healing and morphogenesis (Mon-

tesano and Orci, 1988; Gumbiner, 1996). Certain collagen molecules assemble into long

cylindrical structures, the collagen fibrils, with diameters ranging from 30 nm to 500 nm.

Collagen fibrils play a dominant role in maintaining the structure of both hard tissues,

such as bones, and soft tissues, such as tendons, ligaments, cartilage and the airways.

Bone is a family of tissues, which posses a composite structure composed of mineralized

collagen fibrils immersed in a matrix of mineralized noncollagenous proteins (Fratzl

et al., 2004; Launey et al., 2010). The interaction of these elements provide bone with

its characteristic stiffness and toughness, which are important mechanical properties

that enable bone to protect vital internal organs (such as the lungs, the heart and the

brain) and provide support to the body.

In tendons and ligaments, the interaction between collagen fibrils and proteoglycans

provides these tissues with increased ductility and energy storage (Fratzl, 2003). These

mechanical properties allow tendons and ligaments, in cooperation with muscles and

bones, to facilitate motion and skeletal integrity. In cartilage, aggrecan molecules bind

water generating an osmotic swelling pressure, which counteracts the tense collagen fibril

network (Stolz et al., 2009). This allows cartilage to withstand compressive forces during

1



2 Chapter 1 Introduction

motion. The extracellular matrix of the airways is composed of fibrous and structural

proteins embedded in a hydrated polysaccharide gel, which forms a resilient framework

(Holgate, 2009), important for breathing.

The aforementioned tissues possess complex hierarchical architectures, whose levels of

hierarchy span from the nanoscale (e.g. molecules, mineral nanocrystals, proteins) to

the macroscale (tissues and organs) (Weiner and Wagner, 1998; Fratzl and Weinkamer,

2007). Bone and tendon, for example, are composed of seven (7) and four (4) levels of

structural hierarchy, respectively. The individual mechanical properties of the structural

components at the nanoscale (collagen fibrils, minerals, proteoglycans) and their inter-

actions determine the mechanical functionality of biological tissues at the macroscale

(Rho et al., 1998; Currey, 2005; Fratzl and Weinkamer, 2007).

The mechanical functionality of biological tissues can be compromised due to ageing and

due to pathology. A number of pathologies are related to impaired functionality of bone

or lungs. Some of these pathologies, such as osteogenesis imperfecta and asthma, are

then developed as a result of mutations of collagen genes or due to alterations of tissue

remodelling, respectively.

Osteogenesis imperfecta (OI), also known as the “brittle bone disease”, is an example

of a hereditary disorder affecting mainly bones. Collagen gene mutations in OI result

in abnormal biosynthesis of collagen fibrils which has been associated with impaired

mechanical functionality of bones (Rauch and Glorieux, 2004). It is estimated that 6

to 7 per 100,000 people worldwide are affected by OI (Pagon et al., 2005). People with

this condition suffer from multiple bone fractures in their lifetime (Paterson et al., 1984)

or even before birth (King and Bobechko, 1971). Current treatment for OI focuses in

increasing bone strength to prevent bone fractures and maintain mobility. Treatment

with bisphosphonates increases bone mass and reduces bone pain. In severe cases of OI,

bones are surgically corrected and rods are placed inside the bones (Rauch and Glorieux,

2005).

Asthma is an example of a lung disorder that is characterized, amongst other features, by

tissue remodelling. Tissue remodelling in asthma alters the structure and composition

of the extracellular matrix of the lungs (Holgate, 2009). In particular, the increased

synthesis and deposition of collagen fibrils have been associated with impairment of the

lung function (Kuwano et al., 1993; Carroll et al., 1993). Asthma is one of the most

prevalent respiratory disorders affecting 1 in 8 children and 1 in 12 adults in the United

Kingdom (Asthma, 2001). The World Health Organization estimates that 235 million

people are affected by asthma worldwide. Common symptoms of asthma are shortness of

breath, coughing, wheezing and tightness in the chest. Asthma symptoms might be the

consequence of environmental factors, such as dust mites, pollen, animal fur and tobacco

smoke or caused by chemicals, but may be also caused by non–environmental irritants,

such as anxiety (Martinez, 2007; Gold and Wright, 2005) and vigorous breathing while
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exercising (McFadden Jr and Gilbert, 1994). Bronchodilators are most commonly used

to suppress the symptoms (Weinberger, 2004). When bronchodilators fail to restore the

normal lung function, corticosteroids are usually prescribed (Weinberger, 2000).

Although, the mechanical properties of bone and the airways have been studied in OI and

asthma, little is known regarding the association of these pathologies with the mechanical

properties of collagen fibrils. Focusing on the mechanical properties of collagen fibrils

will help understand the development of these pathologies.

1.2 Hypothesis

The structure bone, tendon and the airways are closely related with their mechanical

properties. Structural changes at different hierarchical levels affect the mechanical prop-

erties and the overall functionality of the tissue. In OI, the mutations of the collagen

gene affect the primary structure of the collagen molecules and most likely their assem-

bly into collagen fibrils. In addition, structural changes at the molecular level of collagen

may also affect the cross–linking of collagen fibrils.

Collagen fibril cross–linking (covalent bonds formed within the collagen fibril) is modified

over the life course of biological tissues (Bailey, 2001). These modifications have been

associated with changes in the mechanical properties of healthy tissues such as bovine

skin and rat tail tendon (Bailey, 2001). Such modifications have also been found to occur

in osteoporosis and diabetes mellitus (Saito and Marumo, 2010), pathologies that affect

bone mechanical functionality (Dickenson et al., 1981; Currey, 2003; Coats et al., 2003).

The above suggest that (i) the mechanical properties of collagen fibrils at the nanoscale

are associated with the impaired functionality at the tissue level and that (ii) changes in

the structure and cross–linking of collagen fibrils alter their mechanical properties. Yet,

there is no evidence to directly associate structural and cross–linking changes with the

mechanical properties of collagen fibrils.

This study is based on the hypothesis that the mechanical properties of collagen fibrils

are altered in pathological tissues and that mechanical alterations are associated with

changes in the structure and cross–linking of collagen fibrils.

1.3 Objectives and scope

The mechanical properties of collagen fibrils have been experimentally investigated with

a number of techniques. Misof et al. (1997b) have used in situ mechanical testing with

time–resolved small angle x–ray diffraction to investigate the structural changes in the

rat tail tendon collagen fibrils during tensile loading (loading parallel to the long axis

of fibrous specimens). Although this technique provides simultaneous measurements of
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structural changes at the macroscopic, fibrillar and molecular level of collagen (Gupta

et al., 2004), the results are based on oversimplified assumptions regarding the internal

structure of collagen fibrils and on parameters that are not accurately determined (Misof

et al., 1997b). Microelectromechanical systems (MEMS) have also been used to apply

direct tensile loading on collagen fibrils (Shen et al., 2008; Eppell et al., 2006). During

this approach, a MEMS device was used to test a single collagen fibril (Shen et al.,

2008). The loading–unloading time was 7 min and the samples could not be immersed

in aqueous solution (Shen et al., 2008). This has important limitations on the time and

experimental efficiency of the technique, although MEMS can assess the tensile strength

of collagen fibrils. Atomic force microscopy cantilever–based nanoindentation (AFM–

cbN), also known as indentation–type AFM, has also been used to assess the mechanical

properties of collagen fibrils (Heim et al., 2006; Wenger et al., 2007; Grant et al., 2008).

AFM–cbN is, perhaps, the only technique at hand that can provide measurements of

the mechanical properties of collagen fibrils under a variety of environmental conditions

(temperature, aqueous solution). This mechanical testing approach involves indentation

of a tip (with a radius of about 10 nm) onto the surface of a collagen fibrils. During

indentation, the reaction force and displacement is recorded and measurements of elastic

modulus can be determined. To derive the elastic modulus, it is important to normalize

the applied force over the contact area between the tip and the sample. Therefore,

knowledge of the contact area is required.

Although, a number of experiments have been carried out to investigate the mechanical

properties of collagen fibrils and their contribution in tissue mechanical properties, these

studies were focused on healthy tissue. In this thesis I have used the AFM–cbN as a

tool to assess the mechanical properties of collagen fibrils in pathology.

The initial focus of the current thesis was to perform a reliability test on the determina-

tion of the contact area of the AFM tip. The reliability test was performed by comparing

results from AFM–cbN with conventional nanoindentation, a well established indenta-

tion technique used widely in thin film metrology (Fischer-Cripps, 2012), on polymers

with known mechanical properties. The scope of the reliability test was to develop and

optimize a protocol for nanomechanical assessment of murine and human collagen fib-

rils. The protocol was applied to (i) investigate changes in the mechanical properties

of collagen fibrils and (ii) study the association of cross–linking with the mechanical

properties of collagen fibrils. A mouse model of osteogenesis impefecta was used to

investigate changes in the mechanical properties of collagen fibrils. Chemically treated

collagen fibrils from a healthy mouse (wild–type mouse) and collagen fibrils from asth-

matic individuals were used to study the association of cross–linking with the mechanical

properties of collagen fibrils.
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1.4 Structure of the thesis

Chapter 2 introduces the reader to the main structural and mechanical properties of

collagen fibrils and collagen–based tissues. In this chapter the structural and mechanical

alterations in bone from oim mouse and the structural changes in asthmatic airways are

also discussed.

Chapter 3 is dedicated to AFM and how it is employed to assess the mechanics of collagen

fibrils. The basic imaging modes used in AFM are described. In addition the cantilever–

based nanoindentation technique performed with the AFM is further described together

with the two basic analysis methods used, the Hertzian model and the Oliver–Pharr

method.

Chapters 4 to 6 describe the experimental work: Chapter 4 presents the study conducted

to test the reliability of atomic force microscopy cantilever–based nanoindentation for

nanomehcanical assessment on murine and human collagen fibrils (with diameter ranging

from 30 nm to 200 nm). Chapter 5 compares the nanomechanical properties of collagen

fibrils from oim mice and their wild type littermates. Chapter 6 shows the effect of

the amount and type of cross–linking on collagen fibril mechanics. In this chapter the

potential association between the mechanical properties and cross–linking of collagen

fibrils is discussed.

Chapter 7 summarizes the findings of the current thesis and suggests future directions

towards providing a better understanding of collagen–related pathologies.





Chapter 2

Collagen structure and mechanics

in health and pathology

2.1 Basic nomenclature

Collagens represent a family of chemically distinct but closely related molecules. Colla-

gen molecules are made up of three inter–coiled polypeptide chains forming a rope–like

conformation.

The polypeptide chains are termed α–chains1. The α–chains with different primary

structure (i.e. amino acid sequence) are numbered with arabic numerals, e.g., α1, α2

etc. The most commonly used terminology of the distinct collagens is “collagen types”.

The collagen type is numbered with a roman numeral, which is added in parentheses

following the arabic numerals and indicates the order of discovery. For example, the

composition of type I collagen, the most common and abundant collagen type, is written

as [α1(I)]2α2(I). This indicates that the type I collagen molecule is composed of two

identical α1(I) chains and one α2(I). Chains with same arabic number but different

roman one are not identical and possess different primary structure i.e. α1(I) and

α1(II). Collagen molecules composed of three identical α–chains (same arabic and roman

numbers) are known as homotrimeric whereas collagen molecules composed of up to three

distinct α–chains (different arabic but same roman numbers) are known as heterotrimeric

(Kucharz, 1992; Hulmes, 2008; Myllyharju and Kivirikko, 2004).

The collagen molecule is synthesized by a precursor protein. Precursor proteins are

inactive form of proteins that through post–translational modification can become active.

The polypeptide chains in the nascent form are termed pre–pro–collagen and abbreviated

as pre–pro α followed by the corresponding arabic numeral. The signal peptide is cleaved

to form pro–collagen chains. After being subjected to a number of post–translational

1Not to be confused with the alpha helix, which has a right–handed spiral conformation.
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modifications, three pro–collagen chains are assembled into the pro–collagen molecule.

The collagen molecule is then formed by cleavage of the pro–peptides on the two ends

of the molecule. In total, six telopeptides are removed. The final molecule is termed

collagen, synonym to tropocollagen, and is the basic unit of collagen fibrils and other

collagenous structures (Kucharz, 1992; Hulmes, 2008).

Depending on the supramolecular architecture of collagen molecules, they are further

classified as transmembrane (Types XIII, XVII, XXV), fibril–forming (Types I, II, III,

V, XXIV, XXVII), fibril associated collagens with interrupted triple helices (or FACITs,

Types IX, XII, XIV, XVI, XIX, XX, XXI, XXII), beaded filament (Type VI), network–

forming (Type IV, VIII, X) and anchoring fibrils (Khoshnoodi et al., 2006).

Type I collagen molecules make up about 90% of the total collagen content in the body

(Lodish et al., 2000). In this chapter I will focus on the structure and mechanical

properties of type I collagen molecules and fibrils. I will also describe, in brief, the

hierarchical structure of bone, tendon and bronchial airway walls in respect of the type

I collagen fibril organization and their interactions with other structural elements.

2.2 Synthesis of collagen molecules and fibrils

Generally, protein synthesis involves two basic events, the transcription of DNA into

mRNA and the translation of mRNA into a polypeptide, the primary structure of a

protein. The polypeptide chains are made up of linear chains of amino acids. Consecu-

tive amino acids bind with peptide bonds (strong covalent bonds), formed between the

carboxyl group (-COOH) of one amino acid and the amine group (-NH2) of the next

amino acid. This results in a free amine group (N–terminal) and a free carboxyl group

(C–terminal) on the polypeptide chain. Finally, a number of post–translational modi-

fications result in the three dimensional conformation and structure of the synthesized

protein2.

The synthesis of collagen has been extensively studied in respect to fibril–forming colla-

gen molecules and involves a number of intracellular and extracellular post–translational

modifications. In collagen synthesis, the transcription of mRNA results in the formation

of the pre–pro–peptide (Prockop et al., 1979; Kadler et al., 1996). The post–transaltional

events result in the formation of pro–collagen molecules made up of three α–chains

forming triple helical structures with N– and C–telopeptides (Myllyharju and Kivirikko,

2004). Assembly of pro–collagen molecules into collagen fibrils initiates extracellularly,

with the cleavage of N– and C– telopeptides from the pro–collagen molecules resulting in

the formation of collagen molecules of about 300 nm in length and 1.5 nm in diameter.

The ultra high aspect ratio of collagen molecules is thought to be responsible for the

2General knowledge in protein synthesis found in textbooks of biology.



Chapter 2 Collagen structure and mechanics in health and pathology 9

ability of these molecules to self–assemble into long fibrils (Myllyharju and Kivirikko,

2004).

Collagen molecules self–assemble into collagen fibrils by aggregating in both lateral and

longitudinal directions. The fibrillar structure is stabilized by inter–molecular covalent

bonds formed in the lateral direction of the fibril structure (Kadler et al., 1996; Eyre

and Wu, 2005). An illustration of collagen fibril assembly is shown in Figure 2.1.

Collagen molecule

Collagen molecule
4.

Assembly of 
collagen 
molecules 
into fibrils

Collagen fibril

Cleavage of
“loose ends”

Self-assembly

Longitudinal

Lateral

Covalent bonds

Figure 2.1: Pro–collagen molecules are formed intracellularly (1). Collagen
molecules result from cleavage of the “loose ends” of pro–collagen. The collagen
molecule (pale green thick line) self–assembles into fibrillar structures that range
from 10 µm to 100 µm in length and have a characteristic D–period (4).

2.3 Collagen cross–linking

The type of collagen cross–links are divided into two main categories depending on the

origin of their formation. The enzymatic and non–enzymatic cross–links, which are

divalent and trivalent inter–molecular bonds.

2.3.1 Immature and mature enzymatic cross–links

The enzymatic cross–links are first to form during the fibrillar assembly of collagen.

These cross–links are important to stabilize the newly formed fibrillar structure of col-

lagen (Khoshnoodi et al., 2006). Enzymatic cross–links are initiated by enzymes, such

as the lysyl oxidase and hydroxylase. Lysyl oxidase and hydroxylase act on specific

molecular segments deaminating the lysine and hydroxylysine residues located at the

telopeptides. This results in the formation of a divalent Schiff base inter–molecular

cross–link between the non–helical and helical domains of adjacent molecules, as illus-

trated in Figure 2.2. During time, the divalent cross–links undergo chemical reactions
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resulting in the formation of trivalent cross–links. These trivalent cross–links are termed

mature cross–links are bridging a third collagen molecule, as illustrated in Figure 2.2.

2.3.2 Non–enzymatic cross–links

The non–enzymatic cross–links occur later in time from the formation of the collagen

fibril. Non–enzymatic cross–links result from instantaneous chemical reactions between

collagen and glucose. The process initiates with a Maillard reaction which is a reaction

between amino acids and sugar (Maillard, 1912). Further oxidation leads to the forma-

tion of advanced glycation end products (AGEs). The non–enzymatic cross–links can

form anywhere between the helical domains of adjacent collagen molecules, as illustrated

in Figure 2.2.

Studying the type and amount of collagen fibril cross–linking has been the focus of a

number of researcher in a need to understand how the cross–linking is associated with

changes in the mechanical properties of tissues. This will be discussed further in section

2.7

telopeptides

collagen helical domain

AGEs

Immature

Mature

Figure 2.2: Enzymatic (immature and mature) and non–enzymatic (advanced
glycation end products; AGEs) cross–links in type I collagen fibril.

2.4 Structure and tissue organization of collagen molecules

and fibrils

2.4.1 The triple helical structure of collagen molecule

The triple helical structure was discovered on the basis of x–ray diffraction by Ra-

machandran and Kartha (1954). The helical formation results from the high content of

glycine (Gly) residues in the α–chain and the position of these residues in the core of

the collagen molecule.

Each α–chain in type I collagen molecule possesses a left–handed twist and is char-

acterized by the Gly–X–Y motif. This motif follows either the pattern Gly–Pro–Y or
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Gly–X–Hyp (Pro: proline, Hyp: hydroxyproline residues), in either case of which X and

Y can be any other amino acid (Ottani et al., 2001). The α–chains consist of a sequence

of about 300 [Gly–X–Y] motifs, where the Gly residues are located in the core and the

X and Y are exposed towards the surface of the molecule (Jones and Miller, 1991), as

shown in Figure 2.3. The small size of Gly residues and its location in the core are

responsible for the close packing of the three α–chains. The three left–handed α–chains

are coiled into a right–handed molecule, as shown in Figure 2.3.

The triple helix is stabilized by the hydroxylation of the prolyl and lysyl residues

(Kivirikko and Prockop, 1967). Hydroxyproline has been suggested to enhance stability

by the formation of extra hydrogen bond (Ramachandran et al., 1973).

chain A

chain Bchain C

 X

 X

 X

 Y

 Y

 Y
 G

 G

 G

chain A

chain C

chain B

Figure 2.3: Transverse and longitudinal perspectives of collagen triple helix.
Three left–handed coiled α–chains are coiled into a right–handed super–helix.
Adapted from (Beck and Brodsky, 1998) with permission. Copyright (1998)
Academic Press.

2.4.2 Fibrillar structural models of collagen

The fibril structure involves the lateral and longitudinal organization of collagen molecules.

A number of models have attempted to describe the structure of collagen fibrils on the

basis of the characteristic D–periodicity on the fibril surface, (Figure 2.4).

The D–periodicity was revealed by staining collagen fibrils with sodium phosphotungstic

acid and recording electron migrograph images of the stained samples (Williams et al.,

1978; Chapman et al., 1990). The (EM) images revealed dark and white zones on the
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fibril surface (Williams et al., 1978). The dark zones corresponded to lower and the

white zones to higher density. This resulted in the hypothesis that there are gap regions

(dark zones), where the density of molecular packing is decreased, and overlap (white)

regions, where the density of molecular packing is increased. The length of a continues

dark and white pattern (gap + overlap region) was 67 nm appearing along the fibril

longitudinal direction.
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Figure 2.4: (A) Atomic force microscopy image and (B) section analysis of
human bronchial collagen fibril showing the characteristic D–banding.

Petruska and Hodge (1964) attempted to describe the D–periodicity of collagen fibrils

by presenting a two dimensional model of collagen fibril subunit. According to this

model the collagen molecules are staggered on top of each other by an offset in the

longitudinal direction of 234 residues, as shown in Figure 2.5 (Petruska and Hodge,

1964; Kühn, 1986). This staggered arrangement results in overlap regions, where all five

molecules overlap and in gap regions, where there is an empty space, as illustrated in

Figure 2.5. Although this model helps to explain the origin of D–periodicity, it fails

to reconcile the longitudinal rearrangements and the three dimensional conformation of

collagen molecule into a fibrillar structure.

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

OverlapGap

Figure 2.5: The collagen molecule is represented by an arrow segmented in four
portions, labelled from 1 to 4. Each portion corresponds to 234 residues. The
total length of the molecule is one–third of one portion larger than the overall
length of all four portions.

The models, attempted to describe the fibrillar sub–structure of collagen, are divided

into two groups depending on the proposed structure.
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In the first group, a microfibril structure is suggested to be the fundamental building

block of collagen fibrils. These models suggest a crystalline packing of collagen molecules

into fibrils. The microfibril is composed of five–stranded collagen molecules which lie

on a pseudo–hexagonal lattice (Smith, 1968). Trus and Piez (1980) refined the five–

stranded model suggesting a compressed structure which allows quasi–hexagonal lateral

packing. Fraser et al. (1983); Wess et al. (1995) suggested that microfibrillar structures

interconnect. Figure 2.6 illustrates the electron density (Figure 2.6A) and the triclinic

unit cell of the microfibril (Figure 2.6B). More recently, Orgel et al. (2006) suggested a

right–handed supertwisted microfibrillar structure.

In the second group, collagen molecules form a quasi–crystalline three dimensional array.

This model was initially proposed by Hulmes and Miller (1979). In addition to the quasi–

hexagonal array models, Silver et al. (1992) developed a cylindrical model to explain the

fibrillar structure of collagen in the lateral packing direction. The model was then

refined to the concentric ring model by Hulmes et al. (1995). This model suggests a mix

of ordered and disordered structure of the fibril. These results were corroborated with

x–ray diffraction patterns that suggested a structure which varies between a crystal and

a liquid–crystal.

A

B C

D E

D
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Figure 2.6: (A) a–b plane of the unit cell showing the electron density of molec-
ular segments packed in a quasi–hexagonal manner. (B) Single unit cell with
carbon atoms of backbone of collagen molecules shown as spheroids. The mi-
crofibril has a triclinic unit cell (a ≈ 40.0 Å, b ≈ 27.0 Å, c ≈ 678 Å, α ≈ 89.2o,
β ≈ 94.6o, γ ≈ 105.6o). The molecules are densely packed in the overlap regions
and more flexible in the gap regions. (C) Path of collagen molecule through unit
cells in the a–c plane. The molecule is segmented into different grayscale level,
each of which denotes which segment of the molecule is included in the microfib-
ril unit cell. (D) Illustration of molecular kinks. (E) Radially packed cylindrical
structure suggesting a cascaded structure of crystal and liquid–crystal. Each dot
corresponds to the collagen molecule cross–section. (A-D) Adapted from (Orgel
et al., 2006) with permission. Copyright (2006) National Academy of Sciences,
U.S.A. (E) Reprinted from (Hulmes et al., 1995) with permission. Copyright
(1995) The Biophysical Society.
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2.4.3 Organization of collagen fibrils at the tissue level: The structure

of bone, tendon and bronchial airway walls

Collagen fibrils are packed into fibres and form complex structure with the inclusion of

supplementary biological materials, such as proteoglycans or mineralized nanoparticles.

Below, a brief overview of the basic structural organization of bone, tendon and bronchial

airway walls, is give.

2.4.3.1 The structure of bone

Bone is a remarkable lightweight and robust material with a hierarchical architecture.

The different levels of hierarchy include the basic structural elements of bone and the

structural entities that these elements form through their interactions. The bottom up

hierarchical structure of bone is described below, which is illustrated in Figure 2.7.

Levels 1–3: Levels 1 to 3 refer to the bone nanostructure. Type I collagen fibrils

(of about 100 nm in diameter), mineral nanocrystals (calcium–based hydroxyapatite),

non–collagenous proteins and water are the structural elements of bone at the nanoscale.

Mineralization takes place during collagen fibrils formation and is an important process,

responsible for the increased stiffness of bone, during bone formation. The process is

characterized by inter–molecular and inter–fibrillar deposition of minerals Landis et al.

(1993). Non–collagenous proteins are thought to participate in the mineralization pro-

cess due to their ability of binding calcium (Eanes, 1992). Mineralized collagen fibrils

are embedded in a matrix of mineralized non–collagenous proteins (Fantner et al., 2006)

forming larger collagen fibres (of about 1 µm in diameter) (Weiner and Wagner, 1998).

Level 4 and 5: Mineralized collagen fibres are then organized into “sheets” (of 3

µm to 7 µm in width), termed lamellae. Lamellae are the basic building blocks of

bone micro– and macro–structure (Rho et al., 1998). Bone lamellae are concentrically

arranged around blood vessels forming osteons (Weiner and Wagner, 1998; Rho et al.,

1998).

Level 6 and 7: The two major types of bone tissue are the cortical (or compact) bone

and the trabecular (or cancellous) bone. Cortical bone is dense, consisting of osteons

and lamellar bone (lamellar bone does not form concentrically but rather parallel and

is found between osteons) (Rho et al., 1998). Trabecular bones is porous and consists

of trabecular packets (Rho et al., 1998). Finally, level 7 corresponds to the whole bone

structure and refers to the geometrical features of the bone.
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Figure courtesy of T. Jenkins.
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2.4.3.2 The structure of tendon

Tendon possesses a slightly less complex structure than bone. Similar to bone, the basic

structural elements compose the nanostructure of tendon and those are type I collagen

fibrils (with a wide range diameter distribution from 50 nm to 500 nm), proteoglycans

and water. Collagen fibrils are embedded in a hydrophilic non–collagenous matrix con-

taining proteoglycans, mainly biglycan, decorin, glycoproteins and glycosaminoglycans

(Scott et al., 1981; Kannus, 2000). Smaller fibrils are formed in the vicinity of the larger

fibrils, which increases lateral packing in tendon (Ottani et al., 2001). The close packing

of collagen fibrils result in the formation of fibril bundles, which compose larger struc-

tures, the fascicles (ranging from 50 µm to 300µm), as illustrated in Figure 2.8. The

fascicles are then assembled into the tendon fibre, which ranges from 100 µm to 500 µm

(Fratzl, 2003).

TendonFascicle

Collagen
fibril

Collagen 
molecule

MacroMicroNano

(a) (b) (c)

Collagen molecule Collagen fibrils

Tendon

Figure 2.8: Cartoon illustration of the architecture of tendon from the molecular
up to the tissue level. Panel a shows a collagen molecule, panel b shows a
scanning electron microscope image of collagen fibrils from Achilles tendon and
panel c shows the Achilles tendon in the human body. Panel a was printed
from the Protein Data Bank (PDB) using the structure of 1BKV (PDB ID)
via the Jmol software. Panel b was reprinted from Franchi et al. (2007) with
permission. Copyright (2010) Journal of Anatomy. Copyrights for panel c have
expired.
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2.4.3.3 The structure of bronchial airway wall in the lung

Bronchial airways possess a fractal geometry, similar to a tree, that begins from a single

feature that splits to branches with decreasing diameter. Bronchial airways are tube–

like structures allowing the air to pass through to reach the alveoli, where gas exchange

takes place. Figure 2.9 shows an illustration of the hierarchical architecture of bronchial

airway wall.

 Epithelial cells 

 Basement membrane 

 Subepithelial layer 
5

 - 1
0

 μ
m

 Smooth muscle cells 

1 μm

 Collagen fibrils 

Lumen

Lumen

Figure 2.9: (From left to right): Cartoon illustration of the bronchial three,
bronchial airway section and structure of bronchial tissue. Atomic force mi-
croscopy height image of bronchial collagen fibrils from healthy airway bronchial
tissue.

The basic structural elements of the airway wall are fibril–forming collagen molecules

(type I, III and V), the network–forming collagen molecule type IV, all of which are

embedded in a hydrated polysaccharide gel made of laminin and proteoglycans (Leblond

and Inoue, 1989; Holgate, 2009).

A summary of the major constituent of the extracellular matrix of the bronchial airway

wall is shown in Table 2.1. Collagen type I fibrils predominate (60% of protein mass)

and together with collagen type III and V fibrils comprise the subepithelial layer of the

airway wall. The collagen fibrils in the subeptithelial layer possess a rather narrow fibril

distribution of 30 nm, based on findings from this thesis, which could be explained by

the presence of type III collagen molecules (Birk and Mayne, 1997). The type II collagen

fibrils compose the extracellular matrix of cartilage that is present in the surrounding

of bronchial airways (Mendler et al., 1989). Type IV collagen molecules form a network

(Myllyharju and Kivirikko, 2004), which composes the basement membrane of the airway

wall. Type V collagen fibrils are also found in the border between the subepithelial layer

and the basement membrane (Clark et al., 1983). The basement membrane is found

between the subepithelial layer and the epithelial cells, as illustrated in Figure 2.9.
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Collagen

Type I Subepithelial layer
Type II Bronchial and tracheal cartilage
Type III Co–localization with type I collagen
Type IV Basement membrane
Type V Basement membrane,

Elastin Subepithelial layer

Proteoglycans Basement membrane

Laminin Basement membrane

Fibronectin Basement membrane

Table 2.1: Major extracellullar matrix constituents of bronchial airway wall.
Adapted from (Godfrey, 2009).

2.5 Basic mechanical properties of biological tissues

The different structural properties among bone, tendon and bronchial airways, provide

these tissues with a variation of mechanical functions. Investigating the mechanical prop-

erties of biological materials is important to understanding their structural–mechanical

relationship. Below I will introduce the most common mechanical properties of biological

materials before discussing the mechanical properties of collagen.

The mechanical properties of biological tissues is determined by measuring the reac-

tion displacement caused by an external force (panel A from Figure 2.10). The force–

displacement curve in Figure 2.10A is characterized by a linear and a non–linear part.

The slope of the linear part corresponds to the stiffness (S) of the biological tissue. The

stiffness describes the magnitude of the force that the tissue can transmit relative to

the total deformation caused. Biological tissues with high stiffness can transmit the

forces and resist displacement (or deformation), unlike less stiff ones. The non–linear

part of Figure 2.10A corresponds to permanent deformation and damage of the tested

biological tissue. The ultimate force (Fu) corresponds to the maximum force reached at

which point the material is damaged (Figure 2.10A). The damage can be described as

the discontinuity caused in a portion of the volume of the tissue. This portion of the

tissue experiences the highest deformation. The ultimate displacement (du) corresponds

to the maximum deformation at the fracture point (Figure 2.10A). The area under the

force–displacement curve (grey area in Figure 2.10A) corresponds to the energy needed

to break the sample.

A tensile force causes elongation to the tissue, as shown in Figure 2.10B. With known

the dimensions of the tissue sample, the force–displacement curve can be normalized to

provide the stress–strain curve (Figure 2.10C). Stress measurements result from normal-

izing the applied force by the projected area of contact. Strain measurements correspond

to the percentage of elongation. The stress–strain curve is divided into two regions, the

elastic (linear part) and the plastic region (non–linear part). The slope of the linear
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Figure 2.10: Panel A shows a force–displacement curve to the four basic me-
chanical properties of (biological) materials. Panel B is a schematic illustration
of a tensile force resulting in elongation of a material. Panel C illustrates a
stress–strain curve showing the elastic, plastic regions and the yield point. S:
stiffness; U: work of fracture; L0: initial length; L: final length. Panel A was
adapted with permission from (Sato et al., 1999). Copyright (1999) American
Chemical Society.

part of the stress–strain curve corresponds to the elastic modulus. The elastic modulus

is a property of the elastic deformation of the tissue. During elastic deformation the

tissue returns to its initial dimensions after removal of the applied force, unlike a plastic

deformation where there is permanent deformation. The transition from elastic to plas-

tic deformation occurs at the yield point. In materials science, the yield point can be

determined by an offset of 0.2% of the strain, as illustrated in Figure 2.10B. The area

under the stress–strain curve provide measures of toughness. Toughness is the measure

of the ability of the tissue to absorb energy up to fracture. An important measure of

toughness is the fracture toughness. Fracture toughness describes the ability of a tissue

to resist the propagation of a crack across the volume of the tissue.

The deformation mechanisms of bone, tendon and bronchial airways are discussed below.

Bone, tendon and bronchial airways have been chosen to discuss the effect of their

different structural extracellular matrix organization (cf. §2.4.3) on the mechanical

properties of the tissues.

Bone

The high elastic modulus of bone minerals (≈100 GPa) is responsible for the high stiff-

ness of bone. Collagen fibrils, withstand larger deformations, are responsible for the

increased toughness of bone. The large aspect ratio of mineral crystals (Landis et al.,

1993) increases the contact area between collagen molecules and crystals which provides

additional resistance against plastic deformation (Buehler, 2007). Additional deforma-

tion occurs between the extrafibrillar minerals in bone. Jäger and Fratzl (2000) have
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suggested that load transfer between extrafibrillar minerals occurs in the organic matrix

by shear transfer.

Based on in situ tensile loading with synchrotron x–ray diffraction measurements, Gupta

et al. (2006) investigated the strains at three hierarchical levels of the structure of bone.

During tensile loading of fibrolamellar bone sheets, Gupta et al. (2006) measured the

average maximum value of mineral strain to be between 0.10% to 0.20%. The 5:2 ratio

of fibril to mineral strain suggests that there is a load transfer between the mineral

crystals and the mineralized collagen fibrils (Gupta et al., 2006). The authors observed

differences between experiments of wet and dry bone. From their results, Gupta et al.

(2006) suggested that a stiffer organic matrix (the dry collagen fibrils) would cause the

composite to be stiffer. This stiffening, due to more effective load transfer between

minerals and collagen fibrils in bone, may also be the cause of increased fracture risk

in some bone diseases, such as osteogenesis imperfecta. However, such effects have not

been elucidated.

Tendon

The large amount of type I collagen fibrils, the presence of elastin and proteoglycans

provide tendon with increased toughness and the ability to store energy during loading.

During tensile loading, elastin is deformed at lower stresses contributing to lower de-

formation strain of the tissue (Oxlund and Andreassen, 1980).Collagen fibrils are stiffer

and withstand larger deformation than elastin. Proteoglycans are found around the

periphery of collagen fibrils (Scott, 1980) and allow inter–fibrillar sliding, as illustrated

in Figure 2.11.

A typical stress–strain curve of tendon is shown in Figure 2.12. The macroscopic crimp,

illustrated in Figure 2.12A, of about 100µm, is removed at low applied forces correspond-

ing to the toe region (Diamant et al., 1972). Straightening of the kinks in the gap region

is believed to account for the heel region (Misof et al., 1997b). Finally, inter–molecular

sliding of collagen, occurring at higher applied forces, may account for the linear region

of the stress–strain curve of the tendon.

Moreover, incorporation of small collagen fibrils would increase the surface to volume

ratio promoting more inter–fibrillar binding. Since tendon failure can occur by either

tear or creep, the smaller fibrils are thought to enhance creep resistance whereas the

larger fibrils provide strength to the tissue (Ottani et al., 2001).
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Figure 2.11: During tensile loading, the tendon fascicle, shown in panel a, is
subjected to strain ET and collagen fibrils slide past each other. A portion of the
tendon strain is taken up by the deformation of the proteoglycan matrix and the
remaining strain (EF ) from the collagen fibrils, illustrated in panel b. Similarly,
collagen molecules also take up part of the fibril strain, as illustrated in panel
c. This strain is EM .ET : tissue strain; EF : fibril strain; PG: proteoglycans; F:
collagen fibril; M: collagen molecule EM : molecular strain; Adapted from Fratzl
(2003) with permission. Copyright (2003) Elsevier Science Ltd.
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Figure 2.12: Qualitative illustration of the different regions in a typical stress–
strain curve of a rat tail tendon. Reprinted from Fratzl et al. (1998) with
permission. Copyright (1998) Academic Press.

Bronchial airways: The stiffness of bronchial airways is predominantly accounted to the

subepithelial layer. The stress bearing elements of the subepithelial layer is collagen

and elastin. The longitudinal modulus of elasticity of collagen is one order of magnitude

larger than elastin (collagen is ≈1 GPa; elastin is ≈0.3 MPa) (Burton, 1954). It has been
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suggested that deformation of elastin and collagen occurs at different stress levels due

to the large heterogeneity of their elastic properties (Maksym and Bates, 1997). During

deformation of lung tissue, elastin bears loading at low strain and collagen accounts for

stiffening of the tissue at higher strains. The relative contribution of elastin and collagen

in lung tissue results in a non–linear behaviour of the stress–strain curve (Maksym and

Bates, 1997). Digestion of both elastin and collagen, with elastase and collagenase

respectively, resulted in softening of lung tissue (Yuan et al., 2000). In fibrosis, lung

tissue is characterized by increased deposition of collagen and elastin (Hoff et al., 1999).

The ability of collagen fibrils to take up large deformations without fracturing makes

collagen fibrils important in respect to mechanical properties. For this reason, I will

discuss below the mechanical properties and deformation mechanisms of collagen at the

molecular and fibrillar level.

2.6 The mechanical properties and deformation mecha-

nisms of collagen at the molecular and the fibrillar

level

A summary of the elastic modulus and deformation mechanism of collagen at different

hierarchical levels is provided in Table 2.2.

Development of experimental as well as computational techniques have enhanced our

understanding of collagen deformation and elastic properties from the molecular and

subfibrillar level (Molecular dynamics; (Buehler, 2008; Gautieri et al., 2011)) to the

fibrillar level of collagen (Experiments; (Heim et al., 2006; Eppell et al., 2006; van der

Rijt et al., 2006)).

2.6.1 Mechanical properties at the molecular level of collagen

The close packing (Beck and Brodsky, 1998) of the triple helix promotes the formation of

hydrogen bonds (H–bonds) between α–chains, as illustrated in Figure 2.13A. Based on

molecular dynamics, Gautieri et al. (2009a) have studied the mechanical behaviour and

deformation mechanisms of segment of a collagen molecule under tensile force (loading

force parallel to the long axis of the molecule).

At strains lower than 10% the collagen molecule rotates resulting in the formation of

more H–bonds. The increasing amount of H–bonds results in a non–linear increase of

the resulting force, needed to break the H–bonds (10 to 20% of strain). Beyond this

point, stretching of the backbone structure, which is supported by strong covalent bonds,

results in a further non–linear increase of force versus strain (Gautieri et al., 2009a).
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Harley et al. (1977) obtained the elastic modulus data of collagen molecules from rat–

tail tendon by means of Brillouin scattering spectra. The authors suggested an elastic

modulus of 9 GPa. Further studies, based on Brillouin scattering spectra, suggested

a lower elastic modulus, of 5.1 GPa, for the hydrated collagen molecule (Cusack and

Miller, 1979). This results are corroborated from more recent findings on elastic modulus

of collagen molecule, ≈7 GPa, based on computational methods (molecular dynamics)

(Buehler, 2006).
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Figure 2.13: (A) A portion of the collagen molecule (green line) is magnified to
reveal the right–handed coil of the triple helix. The backbone of the three α–
chains is coloured in green, red and blue. (Black–background panel)Inter–chain
hydrogen bonds stabilize the triple helix of collagen molecule. (B) Number of
hydrogen bonds as a function of strain while extending a molecule. Reprinted
from Launey et al. (2010) with permission. Copyright (2010) Annual Reviews.

Collagen hierar-
chical level

Maximum
strain

Deformation & failure
mechanisms

Elastic
modulus

Single molecule,
molecular dynamics
(Buehler, 2006)

≈40% H–bond breaking, backbone
stretching

≈7 GPa

Microfibril, molecu-
lar dynamics (Gau-
tieri et al., 2011)

≈25% (wet),
≈10% (dry)

Molecular straightening,
stretching and sliding

0.3–1.2 GPa,
1.8–2.3 GPa
(dry)

Fibril, AFM (Svens-
son et al., 2013)

≈20% (wet) Molecular straightening
and sliding, Possible break-
ing of inter–molecular
cross–linking

2.2–5.7 GPa
(hydrated)

Fibre (Misof et al.,
1997a)

≈16% (wet) Inter–fibrillar sliding, break-
ing of inter–molecular cross–
links

Max stress
≈0.1 GPa
(hydrated)

Table 2.2: Deformation and failure mechanisms of collagen at different hierar-
chical levels.
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2.6.2 Mechanical properties at the fibril level of collagen

Gautieri et al. (2011) have recently investigated the deformation mechanism of the col-

lagen microfibril (Orgel et al., 2006) by means of molecular dynamics. Gautieri et al.

(2011) used full length, ≈300 nm, collagen molecules with their non–helical telopeptides

attached at the ends of each molecule implemented in the microfibril unit cell of colla-

gen as proposed by Orgel et al. (2006). At small strains, the disordered segments, or

also termed as kinks, of the collagen molecules at the gap regions of the microfibril are

aligned and straightened parallel to the direction of the tensile force. This deforma-

tion mechanism has also been suggested by Fratzl et al. (1998) based on synchrotron

x–ray scattering on tendon sections. The force needed to straighten the molecular seg-

ments of collagen at the gap regions is lower compared to the force needed to stretch

the backbone structure, which is stabilized by strong inter–atomic covalent bonds. At

strains >20%, higher forces transmit causing stretching of the backbone structure of the

collagen molecule and also inter–molecular sliding, Figure 2.14.

Stretching of 
backbone structure

Inter-molecular 
sliding

Inter-molecular 
cross-links

Force

A

B

Force

Portion of collagen 
molecule

Figure 2.14: At >20% strains the backbone structure of collagen molecule
stretches. This deformation mechanism is accompanied by inter–molecular slid-
ing. Portion of the collagen molecule is illustrated with ribbon and the inter–
molecular cross–links with grey thick lines. The direction of the applied force
is parallel to the longitudinal axis of the collagen molecules and therefore the
collagen fibril.

Experimental studies were focused on determining the elastic modulus of individual

collagen fibrils under different loading scenarios. These include tensile loading employ-

ing microelectromechanical systems (MEMS) (Eppell et al., 2006; Shen et al., 2008)

and atomic force microscopy (AFM) (van der Rijt et al., 2006; Svensson et al., 2010);

three–point bending employing AFM (Yang et al., 2007); and AFM cantilever–based

nanoindentation (Heim et al., 2006; Wenger et al., 2007; Grant et al., 2008). Tsthe elas-

tic modulus determined by these studies varied from 1 MPa to 15 GPa. The loading case

scenarios, the experimental and loading conditions, the hydration state of the samples,
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the tissue origin and the state of cross–linking may all play a significant role on the

measured elastic modulus. Table 2.3 summarizes the elastic modulus of collagen fibrils

determined with the various experimental techniques and loading scenarios mentioned

above.

Approach Loading
scenario

Origin, Collagen type I Elastic modulus

X–ray diffraction
(Gupta et al., 2004)

Tensile Turkey leg–tendon 1 GPa

MEMS (Eppell et al.,
2006; Shen et al.,
2008)

� Cucumaria frondosa 0.84 ± 0.45 GPa (low
strains), 6 GPa (high
strains)

AFM (van der Rijt
et al., 2006)

� Bovine Achilles tendon 5 ± 2 GPa (dry),
0.2 ± 0.5 GPa (hy-
drated)

AFM (Yang et al.,
2007)

Bending Bovine Achilles tendon 1 to 25 GPa (dry,
values depend on
boundary condi-
tions), 60–70 MPa
(hydrated)

AFM (Heim et al.,
2007)

� Cucumaria frondosa 10 5 GPa (dry)

AFM (Heim et al.,
2006)

Indentation Cucumaria frondosa 1 to 2 GPa (dry)

AFM (Wenger et al.,
2007)

� Rat tail tendon 5 to 15 GPa (dry)

AFM (Grant et al.,
2008)

� Bovine Achilles tendon 1.9 ± 0.5 GPa (dry),
1.25 ± 0.1 MPa (hy-
drated)

Table 2.3: Elastic modulus of collagen type I measured in tension, bending and
indentation under different loading conditions.

Collagen fibrils are often modelled as isotropic materials (Yang et al., 2007; Grant et al.,

2008), but they are recognized to be transversely isotropic due to the high aspect ratio

of collagen molecules (≈1.5 nm in diameter and ≈300 nm in length) that are oriented

along the longitudinal axis of the fibril. The anisotropy in the collagen fibril structure

has been supported by evidence of the non–uniform shape of residual imprints produced

by AFM cantilever–based nanoindentation (AFM–cbN) (Wenger et al., 2007), shown in

Figure 2.15. The longitudinal elastic modulus of collagen fibrils has been found to be

about 300 MPa (van der Rijt et al., 2006) (hydrated collagen fibrils from Bovine Achilles

tendon). Although, direct compression tests have not been conducted on collagen fibrils

to provide with transverse elastic modulus data, the elastic modulus was found to be

1.25 MPa by employing AFM cantilever–based nanoindentation experiments. From this

point onwards I will refer to indentation modulus as the elastic modulus determined by

applying indentation–type loading to discriminate it from the transverse elastic modulus

(which is determined by employing compression experiments). Grant et al. (2008) have

measured a much lower indentation modulus, by employing AFM–cbN, of about 1.25

MPa, compared to the longitudinal elastic modulus of 300 MPa reported by van der



26 Chapter 2 Collagen structure and mechanics in health and pathology

Rijt et al. (2006). Additionally, the indentation modulus of bone, which possesses an

anisotropic structure, has been suggested to be influenced by both the longitudinal and

transverse elastic modulus (Rho, 1996; Swadener et al., 2001).

During axial loading, the deformation mechanisms may involve straightening, stretching

and sliding of collagen molecules. During indentation–type loading, is most likely that

straightening may not occur, although collagen molecules may separate and compressed

during the indentation of the AFM tip. The difference between longitudinal elastic

modulus and indentation modulus is most likely because of the different deformation

mechanisms as a result of the structural anisotropy of collagen fibrils.

A B

Figure 2.15: Non–uniform shape of residual imprints (arrows) from indentation–
type loading on the surface of two similar collagen fibrils with different orien-
tation in respect to the AFM cantilever. Reprinted from Wenger et al. (2007)
with permission. Copyright (2007) The Biophysical Society.

2.7 Changes in cross–linking, mechanical and structural

properties of collagen in healthy tissues and pathology

2.7.1 Ageing–related changes

The cross–linking of collagen fibrils evolves overtime, as mentioned in section 2.3. Based

on bovine skin collagen, Bailey and Shimokomaki (1971) observed a decrease in imma-

ture cross–linking with ageing while mature cross–linking increased. This implied that

the mature cross–links and non–enzymatic ones (or advanced glycation end products –

AGEs) were responsible for the tissue structural and mechanical integrity. Later, Bailey

(2001) showed that the stiffness and strength increased with age, in rat tail tendon.

These studies were carried out on different systems (i.e. collagen from bovine skin and

rat tail tendon) with different development rates. Figure 2.16 presents the results from

Bailey and Shimokomaki (1971) and Bailey (2001).
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Cross–linking evolved over a period of 6 years, in collagen from bovine skin (Bailey and

Shimokomaki, 1971). The strength and stiffness increased over a period of 24 months,

in rat tail tendon (Bailey, 2001). Although, the ageing disparity between bovine skin

and rat tail tendon, the results suggest that the mechanical properties at the tissue level

are associated with the cross–linking at the collagen fibril level. However, little is known

about the direct effect of cross–linking at the collagen fibril level.
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Figure 2.16: Cross–link and stiffness changes with age. (a) Collagen cross–
link type of bovine skin collagen changes with age. The immature divalent
DHLNL (hydroxylysinonorleucine) cross–links decrease with an increase of the
immature HLNL (dihydroxylysinonorleucine). At about 1 year, the decrease
in HLNL is followed by an increase in the mature trivalent HHL (histidino-
hydroxlysinonorleucine) cross–links. At about three years there is also an of the
glucose–related cross–links (hexosyl-lysine and GLYC) with a parallel increase
of the mature trivalent HHL (histidino-hydroxlysinonorleucine) cross–links. (b)
The strength (maximum stress) and stiffness (slope of linear region) of rat tail
tendon increases with age. Adapted from Bailey (2001) with permission. Copy-
right (2001) Elsevier Science Ireland Ltd.

2.7.2 Changes in pathology: osteogenesis imperfecta and asthma

2.7.2.1 Osteogenesis Imperfecta

Mutations in the the COL1A1 and COL1A2 genes are the primary cause of bone fragility

in osteogenesis imperfecta. COL1A1 and COL1A2 genes encode the type I α1– and α2–

chain, respectively.

In humans, these mutations result in substitution of Glycine residues by other amino

acids (Byers et al., 1991; Prockop, 1995). Such structural changes at the molecular level

could potentially affect the structure and therefore the mechanical function of collagen

fibrils (Gautieri et al., 2009b). Gautieri et al. (2009c), based on molecular dynamics,

showed that substitution of Glycine residues decreased the longitudinal elastic mod-

ulus of collagen molecules. Further studies by (Gautieri et al., 2009b) suggested an
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increase in the intermolecular equilibrium spacing. With increased intermolecular spac-

ing and structural the cross–linking is most likely to be affected. (Gautieri et al., 2009b)

suggested decreased cross–link density at the fibril level of collagen from osteogensis

imperfecta.

A number of mice models present similar phenotype with osteogenesis imperfecta in

humans (Kamoun-Goldrat and Le Merrer, 2007). From these mice models, the oim

mouse simulates moderate to severe cases of ostegenesis imperfecta (Chipman et al.,

1993).

The oim mouse model does not express the COL1A2 gene and therefore the the α2(I)–

chain is not synthesized. In absence of α2(I)–chains, homotrimer collagen molecules are

formed in favour of thermal stability (Kuznetsova et al., 2003). Chang et al. (2012) sug-

gested that the type I homotrimeric (homotrimer) collagen molecule is characterized by

more unfolded regions and kink formations than the type I heterotrimeric (heterotrimer).

In addition, these authors showed that the type I homotrimeric collagen molecule is more

flexible due the kink formations (Chang et al., 2012). By applying tensile loading on both

the heterotrimeric and homotrimeric collagen molecules, Chang et al. (2012) obtained

the stress–strain behaviour the collagen molecules. Figure 2.17 compares the structural

conformation and stress–strain behaviour between heterotrimeric and homotrimeric col-

lagen molecules.

The aforementioned studies show the effects of the mutation in COL1A2 gene on the

structure and mechanical properties of collagen molecules. At the tissue level, the lateral

packing of collagen fibrils in oim tendon found to be altered (McBride et al., 1997). In

oim bones, the toughness is decreased by 50% and the stiffness by 33% (Miller et al.,

2007).

All of the above studies suggest that the oim mice has distinct structural and me-

chanical changes at the molecular level of collagen. These changes in oim mice affect

the structure–mechanical function at the tissue level of collagen, in the case of tendon

(McBride et al., 1997; Misof et al., 1997a), and of bone. The above suggests that the

structure–mechanical function of oim collagen fibrils is altered. However, such alteration

at the fibril level of oim collagen have not been studied to date.

2.7.2.2 Asthma

Diagnosis of asthma

Asthma is a long term respiratory disorder. It is characterized by airway wall inflam-

mation, obstruction and remodelling. These features eventually lead to decreased lung

function. The ability of bronchial constriction and dilation is two of the. Lung fun-

tion is assessed by employing spirometry tests that measure the volume of inhaled and
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Figure 2.17: Stress–strain behaviour of heterotrimeric (wt) and homotrimeris
(oim) collagen molecules under tensile loading. (a) Illustration of tensile load-
ing on collagen molecule. (b) Stress–strain curve of heterotrimer and ho-
motrimer collagen molecules. Homotrimer collagen appears softer compared to
heterotrimer. The homotrimeric has larger entropic elasticity (stresses less than
100 MPa) due to local kink formations. These local kinks result in lower end
to end distance and homotrimer appears more flexible compare to heterotrimer
collagen molecules. (c) Strain level of homotrimer are about twice as much as
the ones observed in heterotrimer for the same applied stresses. Reprinted from
Chang et al. (2012) with permission. Copyright (2012) Biophysical Society.

exhaled air and the air flow rate. The total volume of air exhaled (Force Vital Capac-

ity; FVC) and the volume of air exhaled at the first second (Forced Expiratory Volume

in 1 seceond; FEV1) are the most common measurements that assess lung function.

Such measurements cannot be an explicit indicator of diagnosis of asthma. Diagnosis

is accomplished in combination with other tests. These include airway responsiveness,

inflammation and allergy tests.

Remodelling features in asthmatic airways

The most common feature of asthma is thickening of the airway wall. Airway wall

thickening results from impaired remodelling of the airways and has been associated

with inadequate bronchoconstriction and bronchodilation (Tschumperlin et al., 2003).

Holgate et al. (2010) suggested the hypothesis that the mechanical strain caused by
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repeated smooth muscle contraction is associated with progressive deposition of extra-

cellular matrix proteins (Black et al., 2003). This could initially increase the stiffness

of the subepithelial layer to prevent narrowing of the lumen (James et al., 1989; Hol-

gate et al., 2010). In the long term, excessive extracellular matrix deposition could be

responsible for airflow obstruction, characteristic feature of impaired lung function in

chronic asthma (Holgate et al., 2010).

In addition, changes in the structural and mechanical properties of the extracellular

matrix could affect lung mechanobiology (Tschumperlin et al., 2003). Over the last

decade, support the hypothesis of altered cell behaviour due to changes in the elastic

modulus and stiffness of the matrix, on which cell are embedded (Pelham and Wang,

1997; Lo et al., 2000; Yeung et al., 2005; Discher et al., 2005; Engler et al., 2006; An

et al., 2009). Fibroblasts, collagen producing cells, from asthmatics increased collagen

deposition (Roche et al., 1989) and accumulated in the tissue (Nihlberg et al., 2006)

compared to fibroblasts from non–asthmatic.Figure 2.18 illustrates an artistic impression

of the changes in the airways wall of asthmatic compared to non–asthmatic (normal)

ones.

[!htb]

Figure 2.18: (A) Schematic representation of the cross–section of the bronchial
airway in a normal and an asthmatic individual. Aberrations that occur in
asthmatic airways include: (1) Plugging of the airways with debris, (2) decrease
in number of mucosal folds (Lambert, 1991), (3) liquid in luminal folds of ep-
ithelium, (4) thickening of the basement membrane (Ward et al., 2002), (5)
airway smooth muscle contractility and size increases, (6) rise of alveolar , (7)
reduced elastic recoil, (7) airway wall thickening. Pel: forces of elastic recoil;
Palv: alveolar pressure; Pbr: pressure in the lumen of the bronchiole; ASM: air-
way smooth muscle. Reprinted from Irvin (2009) with permission. Copyright
(2009) Elsevier Ltd.
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To date, the stiffness of the subepithelial layer and its structural elements has not,

to the best of our knowledge, been investigated. Understanding the mechanics at the

nanoscale and macroscale of these tissues as a consequence of both structural and bio-

chemical changes will provide further insights on the underlying mechanisms in asthma

and potentially other lung disease characterized by impaired function.

2.8 Motivation for nanomechanical assessment of biologi-

cal materials

A number of studies investigated the mechanical properties of bones from ostegenesis

imperfecta. Researchers employed experiments to understand the effects of ostegenesis

imperfecta in human bones (Vetter et al., 1991; Traub et al., 1994; Rauch et al., 2005;

Folkestad et al., 2012) and other researchers on oim mice bones (Fratzl et al., 1996;

Miller et al., 2007; Vanleene et al., 2012). Additionally, researchers studied the structure

and mechanics of collagen molecules and mice tail tendon sections. However, there are

studies on the structural and mechanical properties of oim collagen fibrils. In addition

to osteogenesis imperfecta, the multiple mechanical and structural features of asthmatic

airways have been investigated at the tissue level. Similarly, the mechanical properties

collagen fibrils from asthmatic airways are yet to be understood.

Assessing the mechanical properties at the fibril level of collagen becomes important

because of the changes occurring at this level. Additionally, collagen fibril samples

can readily be prepared with minimum sample preparation making this system easy to

access. Investigating the mechanical properties can provide a better understanding of the

development of collagen–related diseases. In tissue engineering, this could further help

manufacture grafts with properties that match the targeted replacing tissue. Potentially

this would provide the basis of novel treatment development for collagen–related diseases

(Prockop and Kivirikko, 1984; Myllyharju and Kivirikko, 2001).

Beyond understanding the development of diseases and provide novel treatment, nanome-

chanical assessement of collagen fibrils could provide measurements to validate current

models in the toughening mechanisms of bone (Gupta et al., 2006). Finally, basic insight

into the structure–function relationships can be gained by linking collagen structure and

cross–linking to its mechanical properties.

Several techniques have been used to assess the mechanics of collagen fibrils, such as

microelectromechanical systems, in situ tensile with x–ray diffraction and atomic force

microscopy (AFM). The versatile capability of AFM has made the technique popular.

AFM has been widely used to assess the mechanical and structural properties at the

nanoscale because of its ability to image and directly assess the mechanical properties of

structures at the nanoscale in both dry and hydrated conditions. The following chapter
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(Chapter 3) discusses the principles of AFM and the nanomechanical assessment of

collagen fibrils by employing atomic force microscopy cantilever–based nanoindentation.



Chapter 3

Atomic force microscopy imaging

and nanoindentation experiments

3.1 Atomic force microscope

The atomic force microscope (AFM) is a member of a family of microscopes known as

the scanning probe microscopes (SPM).

Scanning probe microscopy began in the ’80s when Binnig and Rohrer (1983) invented

the scanning tunnelling microscope (STM). The impact of their invention was great in

surface sciences and, Binnig and Rohrer were awarded the Nobel prize in 1986. The

same year Binnig et al. (1986) announced the invention of the new member of the SPM

family, the atomic force microscope (AFM).

The microscopes of the SPM family resolve the surface of specimens by “feeling” rather

than by “looking”. The conventional far field microscopes visualize the surfaces by

collecting the reflected or transmitted radiation from the sample. The electron micro-

scopes generate images of the surface using high energy electrons. The SPMs measure

the interaction between a sharp probe and the sample surface while the probe scans the

surface. The changes in the magnitude of the interaction between the probe tip and the

surface of the sample are used to obtain SPM images. Therefore, the resolution of the

SPM microscopes depends on the probe tip sharpness and the accuracy of the probe

positioning relative to the sample.

3.2 The basic compartments of an AFM

Figure 3.1 is an artistic impression of the basic compartments of an AFM. The basic

compartments are (i) the cantilever and tip, (ii) the piezoelectric transducers and (iii)

33
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Figure 3.1: A light beam, generated from the light source, reflects off a cantilever
and finally hits on a photodetector. The cantilever bends due to topographical
changes of the sample surface causing a movement of the light spot on the
photodetector.

the components of the detection method.

3.2.1 The AFM cantilever and tip

The AFM cantilever is a microfabricated structure and can be found a number of ge-

ometrical features. The most common cantilevers are rectangular and triangular. The

triangular AFM cantilevers are termed as V–shaped. Figure 3.2 shows optical images

of a rectangular and a V–shaped AFM cantilever. In addition, AFM cantilever have

stiffness values from 0.006 N/m to 85 N/m depending on the geometrical characteristics

of the cantilever (lenght, width, thickness). Softer AFM cantilevers are used to image

softer samples and provide high resolution being sensitive to small changes in the to-

pography. Similarly, stiffer AFM cantilevers are used to probe the topography of stiffer

samples.

A B

200 μm 4 μm

C

Figure 3.2: Optical image of a rectangular, shown in panel A, and a V–shaped
AFM cantilever, shown in panel B.
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The AFM tip is a sharp spike microfabricated on the edge of the AFM cantilever. The

AFM tip ranges in geometry and size. The most common AFM tips are three–sided (as

shown in panel C of Figure 3.2) and four–sided pyramids, with tip radius that varies

from 5 nm to 100 nm and tip height from 3 µm to about 20 µm. The choice of AFM tip

is closely related to the geometrical features of the surface of the sample. This is because

the AFM tip radius, height and side wall angles can considerably affect the AFM image.

The resulting topographical feature is a convolution of the geometry of the AFM tip

and the geometry of the topographical feature. The most common convolution effect

between the AFM tip and the sample is the “envelope” effect (Ricci and Braga, 2004).

The “envelope” effect is an artefact observed on the lateral direction of the sample, as

illustrated in Figure 3.3.

Consequently, recording the width is not a reliable measurement of the radius of a

cylindrical or a spherical feature. Such measurements are overestimations of the actual

width, and thus the radius. In this case, recording the height provides more accurate

measurements. However, artefacts in height measurements could also result from the

compressibility of the sample (Allen et al., 1992), or due to adhesion of the AFM tip on

the surface of the sample (Van Noort et al., 1997).
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Figure 3.3: (A) Traces resulted from a blunt AFM tip (dashed trace) and from
tips with low (black solid trace) and high (grey solid trace) aspect ratio. (B)
AFM height image of a type I collagen fibril from wild-type mouse tail tendon
and (C) the corresponding profile of the cross-section (grey line) compared to
a perfect circle which is assumed to be the actual cross-section of the collagen
fibril.
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3.2.2 The piezoelectric transducers

The scanning mechanism of AFMs relies upon piezoelectric transducers. The piezo-

electric effect is the generation of potential difference across the opposite faces of a

non–conducting crystal, known as piezoelectric crystal, as a result of the application

of external stress. The opposite effect is called reverse piezoelectric effect and is the

one that AFM scanners employ to scan the surface. By applying voltage the piezoelec-

tric scanner moves to preferred directions allowing the surface to move relatively to the

position of the AFM tip.

3.2.3 The detection method

The detection method is divided into two main categories: the optical and the electronic.

The optical detection methods are then divided in (i) the light beam deflection and (ii)

the interferometry method. The electric detection methods are divided in (i) the electron

tunnelling, (ii) the capacitance and (iii) the piezoelectric cantilevers. Here I will discuss

the optical methods and mostly the interferometry detection method.

3.2.3.1 The light beam deflection

The simplest detection method is the light beam deflection method. A light beam reflects

off the back of the probe and hits on a photodetector, as illustrated in Figure 3.4. The

photodetector is a photodiode, a semiconductor device turning light into an electrical

signal. The lighter the beam the more electrical signal is generated. The photodetector

in equally segmented into four quadrants, each of which generates a voltage proportional

to the amount of the incident light. Therefore and simplified, the deflection that occurs

due to topographical changes of the surface is given as the difference in voltage generated

in the top and bottom halves of the detector.

3.2.3.2 The interferometry method

The interferometry detection method used an optical interferometer in the optical path

of the light beam. The incident light passes through the optical interferometer and

splits into two light beams. The one reflects off the backside of the AFM probe and the

other travels towards the photodetector. This approach leads a phase change between

the reflected beam and the one that travel towards the photodetector. The phase shift

represents the relative displacement of the AFM cantilever. This approach advances

over the light beam deflection method due to the high signal to noise ratio and also

because of its ability to resolve larger geometrical features
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Figure 3.4: The incoming light beam reflects off the deflected cantilever (a).
The reflected beam hits on a segmented photodetector and changes position as
the cantilever moves vertically (a,b). This results to a typical signal which is
linear at ±2.5 Volts (c).
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Figure 3.5: The incident light passes through the optical interferometer and
splits into two light beams. The one reflects off the backside of the AFM probe
and the other travels towards the photodetector. This approach leads a phase
change between the reflected beam and the one that travel towards the pho-
todetector.

3.3 Feedback loop and the basic AFM imaging modes

The AFM scans the region of interest on the surface of the sample in a raster fashion.

The sample or the AFM tip covers a line aloing the x direction and then moves in the

y direction to cover the next x line and so on. While scanning, the AFM tip encounters

changes in the topography of the surface and the cantilever begins to bend. At this
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point, a signal is generated which aims to maintain the deflection of the AFM cantilever

constant to a predefined (by the user) level, the set point. The signal is fed back to

a control system which adjusts the piezoelectric transducer in the z direction between

the surface and the tip accordingly to maintain the deflection at the set point level.

The AFM image is generated by plotting the z correction distance against the x and y

directions, resulting in a three dimensional perspective of the surface of the sample.

Below, the feedback loop operation and the three basic AFM imaging modes are de-

scribed.

3.3.1 Feedback loop

The most basic form of control system in feedback loop operation is the on–off control.

The on–off control is unable to achieve the set point level. Instead, the signal oscillates

around the set point level. This control operation is undesirable during AFM imaging.

To achieve an accurate control operation, mathematical terms are added to the control

signal; the proportional (P), the integral (I) and the derivative (D).

To establish a size of the correction signal, the proportional control amplifies the error

between the set point and the measured value by defining a proportional band, as shown

in panel B of Figure 3.6. The proportional band is a percentage of the total span

of the controller. The actual percentage is the gain of the system. For example, the

proportional gain is 5 when the proportional band is 20% and a gain of 20 corresponds to

5% proportional band. The higher the gain the smaller the proportional band. The size

of the band determines the magnitude of the response of the controller. The proportional

control results in an offset of the signal from the actual set point, as shown in panel B of

Figure 3.6. The offset can, in theory, be minimized by increasing the proportional gain.

However, this results to an unstable (oscillation) response of the controller.

The integral term integrates the deviation from the set point over a period of time

removing, in this way, the offset. The time period is limited by the time response of the

piezoelectric scanner. It the time is made too small then oscillation will occur and the

response is unstable.

The derivative term is applied to reduce the tendency of the controller to erratic be-

haviour. Although the derivative control helps to achieve stability, an excessive deriva-

tive gain may cause instability. For this reason, it is most often not used and set to

zero.

3.3.2 Contact mode

In contact (DC) mode, the AFM tip is brought into direct contact with the surface of

the sample, resulting in a repulsive interaction between the AFM tip and the sample.
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Figure 3.6: The on–off control operation is unable to achieve the set point level
(panel A). The limitation is overcome by applying mathematical terms to the
control signal. The response of the controller after applying a proportional and
an integral term is shown in panel B.

The AFM cantilever maintains a constant deflection over the sample, i.e., a constant

force is applied on the surface of the sample. The larger the deflection of the cantilever

is, the higher the applied force on the surface of the sample. Increasing the force could

cause damage on the surface or contaminate the AFM tip with biological tissue.

AFM imaging in contact mode of collagen fibrils can be achieved in both dry and under

liquid employing AFM cantilevers with stiffness of about 0.5 N/m. Stiffer AFM can-

tilevers are not appropriate for imaging soft biological tissue, because they cause damage

to the surface and the generated images have low resolution.

3.3.3 Intermittent mode

In intermittent mode, the AFM cantilever oscillates while scanning the surface of the

sample (Garcia and San Paulo, 1999). The AFM tip bounces over the surface and

therefore spends less time on the surface of the sample, resulting in reduction of the

lateral forces. This is important for macromolecules which can be imaged with minimum

distortion. In addition, the AFM tip is trapped in the water film, present on dried

surfaces. This reduces artefacts due adhesion caused by the capillary forces. Intermittent

mode can also be employed in both dry and under liquid.

3.3.4 True non–contact mode

In the true non–contact mode, the AFM tip never contacts the surface of the sample

(Garcia and San Paulo, 1999). The AFM cantilever oscillates above the surface of about

5 nm. The long range van der Waals attractive force between the AFM and the sample
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produce a dampening effect on the oscillating cantilever. This results in reduction the

the oscillating amplitude of the AFM cantilever when it encounters a protruding feature

on the sample. This dampening effect is used by the instrument software to generate an

three dimensional impression of the topography.

3.4 Nanoscale mechanical evaluation of individual collagen

fibrils

The AFM images are generated on the bases of force interactions between the AFM

cantilever and the surface of the sample. The force interactions can be used to assess

the mechanical properties of nanostructures. To achieve this, the AFM cantilever can

be used to applied load on a sample and provide with force–displacement curves.

The AFM has been extensively used to assess the mechanical properties of collagen

fibrils employing a number of loading scenarios, such as tensile (van der Rijt et al., 2006;

Svensson et al., 2010), three–point bending (Yang et al., 2007) and indentation (Heim

et al., 2006; Grant et al., 2009; Wenger et al., 2007). Figure 3.7 illustrates the tensile

and three–point bending experiments carried out by employing atomic force microscopy.
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Figure 3.7: Tensile (panel A) and three–point bending (panel C) of collagen
fibrils. The tensile stress–strain curve of a collagen fibrils is shown in panel B.
Panel D shows a number of force–indentation (or force–displacement) curves
taken at different regions on a collagen fibril. Panels A and B were adapted
from van der Rijt et al. (2006) with permission. Copyright (2006) Macromolec-
ular Bioscience. Panels C and D were adapted from Yang et al. (2007) with
permission. Copyright (2007) Journal of Biomedical Materials Research.
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Researchers have employed experiments directly at the fibril level of collagen with the

development of MEMS and AFM. Specifically, Eppell et al. (2006) and Shen et al.

(2008) have applied direct tensile loading on collagen fibrils, with diameters ranging

from 150 nm to 470 nm, by means of MEMS. However, AFM has been widely used to

assess the mechanics of collagen fibirls. A number of researchers, have investigated the

mechanical properties and fracture under tensile loading . In brief, tensile loading of

collagen fibrils with AFM has been achieved by attaching one part of a fibril with a glass

slide and another with the AFM tip with epoxy resin. While retracting from the surface

the cantilever bends downwards as the fibril deforms. Provided that fibril diameter is

easily measured by AFM imaging, the resulting deflection vs. z–displacement data are

transformed into force–displacement and therefore stress–strain.

Three point bending of collagen fibrils has also been performed by Yang et al. (2007).

This has been achieved by depositing collagen fibrils on PDMS substrates with mi-

crochannels of known width and depth in the order of 5 µm and 1 µm respectively.

Finally and perhaps the most frequently used technique in AFM nanomechanical assess-

ment of collagen is cantilever–based nanoindentation (Heim et al., 2006; Grant et al.,

2009; Wenger et al., 2007). This is most likely because of its ease of use and minimum

sample preparation that is needed. The technique uses the AFM tip apex to indent the

surface of the sample. Such experiments provide true force–indentation curves, similarly

to conventional nanoindentation (Fischer-Cripps, 2012), that can be analysed to pro-

vide with the elastic modulus of collagen fibrils. AFM cantilever–based nanoindentation

and the current analysis methods used in collagen fibrils mechanics research are further

discussed in detail in the next section.

3.5 AFM cantilever–based nanoindentation

The hardness test performed by Johan August Brinell in 1900 is the origin of AFM

cantilever–based nanoindentation (AFM–cbN). In material science, the hardness was

determined by pressing an indenter on the surface of the sample and measuring the

impression depth. Oliver and Pharr (2004) have refined and adapted this classical hard-

ness to a lower scale to measure the elastic properties of thin films (about 100 µm

in thickness). This technique is well known as conventional nanoindentation because

the indentation depth is in therms of nanometers, although the force is in terms of

microneatons. Figure 3.8 illustrates an indenter (or tip) indenting a flat surface.

In conventional nanoindentation, the projected area of contact between the indented

and the sample depends on the size of the indenter. A number of indenters are available

with different geometrical features (Fischer-Cripps, 2012). The Berkovich tip (inden-

ter) is a three–sided pyramid with 65.3o half opening angle and 100 nm tip radius, as

shown in panel A of Figure 3.9. Although the small size of the Berkovich indenter, and
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Figure 3.8: Schematic representation of a tip indenting a flat surface. hmax:
Maximum indentation depth; hc: Contact indentation depth; α: Half opening
angle.

other indenters used in conventional nanoidentation, they cannot be used to assess the

mechanical properties of collagen fibrils. Instead, the AFM tip of an AFM cantilever is

used to indent biological tissues such as collagen fibrils. Figure 3.9 shows the Berkovich

and AFM tips together with their projected area of contact function. The contact area

function of an AFM tip apex is about 25 times smaller compared to the Berkovich one.

The lower contact area function and the ability of the AFM to detect several nanometers

of the cantilever deflection makes AFM tips appropriate for nanomechanical character-

ization of collagen fibrils of 100 nm in diameter.

During AFM cantilever–based nanoindentation, the sharp AFM tip indents the sample

surface at a predefined loading rate until a maximum deflection of the cantilever is

reached. At maximum deflection (i.e. force), a holding time can also be applied to

allow for transition processes such as creep or stress relaxation to equilibrate. Then

the tip retracts and the deflection is removed. Such an experiment results in a force–

displacement curve by recording the vertical deflection and of the cantilever and the

displacement in the z direction. The force is calculated by the Hooke’s law:

Force(N) = k(N/m) ∗Deflection(m) (3.1)

where k is the force constant or the spring constant or the stiffness of the AFM cantilever

measure in newtons (N) per meters (m).

The indentation modulus (elastic modulus) can be determined by post analysis of the

force–displacement curves, as suggested by Oliver and Pharr (2004). Calculation of

the indentation modulus requires the determination of the projected area of contact at

the point of contact between the tip and the sample. Below I will present the two basic

analysis methods that have been used in calculations for indentation modulus of collagen

fibrils.
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Figure 3.9: Three dimensional illustrations of a (A) Berkovich indenter used
in conventional nanoindentation and a (B) tip apex of an AFM cantilever used
in AFM cantilever–based nanoindentation. (C and D) The corresponding pro-
jected contact area functions of the two indenter types. Note the substantial
lower contact area of the AFM tip apex compare to the Berkovich indenter.

3.5.0.1 Determination of projected area of contact

Determination of indentation modulus data requires the acquisition of projected area

function of contact between the indenter and the sample. The area function of the

indenter used in conventional nanoindentation is determined by direct imaging of the

Berkovich tip with an AFM (Barone et al., 2010; Gadelrab and Chiesa, 2012) or by

measuring the depth and geometry of the residual imprint. In the case of direct AFM

imaging, the indenter must be mounted firmly and expose the tip apex towards the AFM

tip. Post imaging analysis deliver the projected area function which can be expressed

with a polynomial function as the one shown below:
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Ac(hc) = ah2c + bhc (3.2)

where Ac is the of projected area 9m2) at a given depth, hc (nm) is the contact depth

and a (dimensionless) and b (m) are the fitting parameters.

The contact depth is determined by (Oliver and Pharr, 2004):

hc = hmax − ε
Fmax

S
(3.3)

where the value of ε is a constant that depends on the indenter geometry. The constant

ε is 0.75 for a Berkovich indenter, 1 for a flat punch, and 0.73 for cone shaped indenters.

Other analysis methods assume a spherical contact. The area function of a sphere in

contact with a flat surface is given by:

Ac(hc) = π
(
2Reffhc − h2c

)
(3.4)

where Reff is the effective radius of contact. In the case of individual collagen fibril

indentation, the effective radius of contact is approximated by assuming contact between

a sphere (tip apex) and an infinitely long cylinder (collagen fibril) which is given by:

Reff =

√
R2

tipRf

Rtip +Rf
(3.5)

or by assuming contact between two spheres. The effective radius of two spheres in

contact is:

1

Reff
=

1

Rtip
+

1

Rf
(3.6)

Schematics of the contact between two spheres and between a sphere and a cylinder are

shown in Figure 3.10.

Equation 3.4 has been used by Wenger et al. (2007), Equation 3.5 has been used by Heim

et al. (2006) and Equation 3.6 has been used by Grant et al. (2008). In addition, the

analysis method used by these authors for determining the indentation modulus varies.

Specifically, Heim et al. (2006); Grant et al. (2008) have used the Hertzian theory and

Wenger et al. (2007) have performed the Oliver–Pharr method. These analysis methods

are discussed below.
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Rtip

Rf

Rtip

Rf

Figure 3.10: Schematics of contact between two spheres and between a sphere
and a cylinder.

3.5.0.2 Determination of indentation modulus

Oliver–Pharr method:

AFM–nanoindentation experiments produce loading and unloading curves of force–

displacement. The applied force is determined by Hooke’s Law Equation 3.1. The

z-displacement corresponds to the total vertical displacement of the cantilever towards

the sample surface. Subtracting the cantilever deflection from z–displacement provides

measurements of the indentation depth of the tip. The unloading part of the curves is

analysed to avoid plastic contributions Oliver and Pharr (2004); Loparic et al. (2010) and

values of indentation modulus were determined for each individual fibril. The unloading

curve is characterized by a power law function:

F = m (h− h0)n (3.7)

where h0 is the permanent indentation depth after unloading, m (N/mn) and n (di-

mensionless) are fitting parameters along with h0 (Oliver and Pharr, 2004). The slope

of the upper 75% of the unloading curve provides the contact stiffness (Sc = dF/dh)

(Figure 3.11).

Both bodies can deform when in contact. The following equation gives the reduced

modulus which takes into account deformation of both bodies:

Er = β

√
π

2

Sc√
Ac

(3.8)

where β is a dimensionless parameter that varies with indenter shape (1.0226 <β <1.085)

(Oliver and Pharr, 2004), 1.034 was used for the Berkovich tip. For AFM cantilever–

based nanoindentation on collagen fibrils the correction factor was taken as 1. The

reduced modulus r of two elastic bodies in contact is (Puttock and Thwaite, 1969):

1

Er
=

1− ν2
s

Es
+

1− ν2
i

Ei
(3.9)
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where νs and νi the Poissons ratio of the sample and indenter respectively and Es and

Ei the indentation and elastic modulus of the sample and indenter respectively. The

elastic modulus of the silicon (Hopcroft et al., 2010) AFM tip is much larger than any of

the samples used in the current work (Ei = 169 GPa and Es ranges from 1 to 10 GPa).

In the case of Ei � Es Equation 3.9 takes the form:

1

Er
=

1− ν2
s

Es
(3.10)

By substitution of Equation 3.10 in Equation 3.8 the indentation modulus of the sample

is:

Es = β

√
π

2

(
1− ν2

s

) Sc√
Ac

(3.11)

with Ac the projected area function and Sc the contact stiffness.

Hertzian theory:

Hertzian contact theory assumes pure elastic deformation between two bodies. The

indentation modulus according to the Hertzian contact theory is given by:

E=
3Fmax

4
√
Reff

hmax
−3/2 (3.12)

where Fmax is the maximum applied load, hmax the maximum indentation depth and

Reff the effective radius. As mentioned above, the effective radius has been determined

by Equation 3.5 or Equation 3.6 depending on the assumptions made for the geometry

of the two bodies in contact.

In the current thesis the Oliver–Pharr method was used, as this eliminates issues with

plastic deformation. Analysing the unloading part provides with the elastic properties

of the test samples. To obtain true contact stiffness values, the calculated slope of the

upper 75% of an indentation curve was corrected with the reference slope that indicates

the stiffness of the cantilever Figure 3.11. The latter was simply subtracted from the

uncorrected contact stiffness. To minimize errors amplification due to noise, during

analysis, the deflection (nm)–displacement (nm) data were used. The reference slope

was taken as the mean slope of ten (10) unloading curves taken on a hard surface, in

this case on the glass slide next to the collagen fibril of interest. Together with the

known projected contact area (Equation 3.2) the indentation modulus was calculated

from Equation 3.11 assuming a Poissons ratio of 0.5 for collagen fibrils (Wenger et al.,

2007; Grant et al., 2008).
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On the basis of a validation study on the applicability of AFM–cbN on collagen fibrils,

the data were analysed with both analysis methods (chapter 4) to show how different

analysis methods change the resulting indentation modulus.
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Figure 3.11: Analysing deflection versus z–displacement unloading curves
recorded via AFM cantilever–based nanoindentation.





Chapter 4

Nanomechanical assessment of

collagen fibrils using atomic force

microscopy cantilever–based

nanoindentation

4.1 Background and motivation

Continuous indentation measurements on a fused silica are performed to determine the

indenter area (Oliver and Pharr, 2004). The same approach in not applicable for the

determination of an AFM tip. This is mainly because the AFM tip will be damaged

after a few indentation tests on the fused silica. In addition, the AFM tip will not

indent on the surface of the fused silica, because of its high elastic modulus (72 GPa).

Currently, a gold standard method to determine the AFM tip area function is not avail-

able. Performing a comparative study between conventional and AFM cantilever–based

nanoindentation on polymer samples with known elastic modulus together with com-

paring different analysis tools could move one step towards a gold standard technique.

One part of this study was to perform a reliability test on the determination of AFM tip

area function by comparing conventional and AFM cantilever–based nanoindentation on

PMMA (polymethylmethacrylate) and PP (polypropylene). The determination of the

AFM tip area was accomplished by a reconstruction procedure, as suggested by Sader

et al. (1999).

The other part of this study was to investigate further limitations arose from AFM–

cbN on collagen fibrils. In both AFM imaging and mechanical assessment by employing

AFM–cbN, the sample must be immobilized on a stiff substrate. The maximum inden-

tation depth is limited within 10% (Bueckle’s rule (Buckle et al., 1973)) of the sample

49
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thickness (distance from the substrate). If the maximum depth is more than the 10% of

the thicknes, the results vary with the indentation depth to thickness ratio (Buckle et al.,

1973). The Bueckle’s rule applies for all indentation instruments. However, the effect of

substrate has not been investigated when testing collagen fibrils with AFM–cbN. The

second part of the study was test the 10% Bueckle’s rule by performing repeatable mea-

surements with increasing applied force (i.e. indentation depth) to validate the effect of

substrate on the measure indentation modulus of collagen fibrils.

The ultimate aim of this study is to investigate the applicability of AFM–cbN on collagen

fibrils with substantially lower diameter from the tested to date. Collagen fibril from

the bronchial airways are 30 nm in diameter with a very narrow distribution ranging

from 30 nm to 40 nm.

4.2 Materials and Methods

4.2.1 Polymer samples and collagen sample preparation

4.2.1.1 Polymers

Polypropylene (PP) and Polymethylmethacrylate (PMMA) were used for both conven-

tional and cantilever–based nanoindentation. The samples were obtained in the form of

1 mm thick sheets (GoodFellow, UK) and then cut into 10 mm x 10 mm pieces. To en-

sure stable sample support during data acquisition via cantilever–based nanoindentation

the polymers were glued on glass slides (Agar Scientific, Stansted, UK)

4.2.1.2 Human and murine collagen fibrils

Human:

Bronchial biopsies were obtained from the primary bronchi of volunteers by fibreoptic

bronchoscopy after ethical approval and informed consent. Fibreoptic bronchoscopy

was performed by Prof. Peter H. Howarth1 at the University Hospital Southampton.

Collagen fibrils were extracted from biopsies by incubating the samples in separate

wells for 24 hours into 0.1M Sorensens phosphate buffer (pH 7.2) containing 1 mg/ml

bovine hyaluronidase and 1 mg/ml trypsin. After incubation, samples were washed with

deionized water (Millipore) then placed and smeared out on glass slides to reveal areas

with individual fibrils. All biological products were left in an incubator to dry in 37oC

overnight after deposition on the glass slides and then kept in a storage box with silica

1The Brooke Laboratories, Division of Infection, Inflammation and Immunity, Faculty of Medicine,
University of Southampton, SO16 6YD, Southampton, UK.
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gels. Sample preparation from human bronchial biopsies was performed by Ms Wiparat

Manuyakorn1.

Murine:

Murine type I collagen fibrils were obtained from tail tendon of a rat and a wild mouse.

The harvested tail tendon was sectioned with the use of scalpel and tweezers and directly

placed onto glass slide. To reveal individual collagen fibrils the sectioned tendon was

smeared out on the glass slide surface with a scalpel and tweezers.

4.2.2 Nanoindentation experiments

4.2.2.1 Conventional nanoindentation on polymers

Conventional nanoindentation experiments on polymers were performed by Dr. Jurgita

Zekonyte2 and Mr. Sebastien Farbi3.

A NanoIndenter module, attached to the head of an MFP–3D AFM (Asylum Research,

Santa Barbara, CA, USA), was used for conventional nanoindentation on polymer sam-

ples.

The NanoIndenter module transforms the AFM into an instrumented indenter that uses

conventional nanoindentation tips, such as the Berkovich tip. The assembly drives the

indenting tip perpendicular to the surface. The displacement of the indenting flexure is

performed using the z–piezo actuator and is measured from the optical deflection signal

produced by the NanoIndenter module. The force is computed digitally as the product of

the spring constant and the measured indenter flexure displacement. In our experiments,

a low force NanoIndenter flexure was used with determined spring constant of 648 N/m,

resonant frequency of 300 Hz and maximum available load of 4 mN. For nanoindentation

experiments carried out on the MFP3D NanoIndenter modulus three applied loads were

set Nanoindents were performed at 50 N, 500 N and 1000 N maximum load, with both

loading and unloading time set to 50 sec. Holding time of 10 seconds was provided to

allow creep relaxation of the polymers. In total, 20 indents were performed for each

maximum force. Data acquisition and analysis were performed using IGOR Pro 6.05

software by WaveMetrics supplied together with the MFP–3D system and OriginLab

respectively.

2National Centre of Advanced Tribology at Southampton, Faculty of Engineering and the Environ-
ment, University of Southampton, SO17 1BJ Southampton, UK.

3Bioengineering Science Research Group, Faculty of Engineering and the Environment, University of
Southampton, SO17 1BJ Southampton, UK.
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4.2.2.2 AFM imaging and cantilever–based nanoindentation

AFM experiments were performed using the MFP–3D atomic force microscope in dry

ambient conditions in a temperature ((20.7 ± 0.7) oC) and humidity ((47.9 ± 6.7)

%) controlled room. Cantilever–based nanoindentation was conducted in contact mode

with the AC160 (Olympus, <10 nm tip radius and 42 N/m spring constant), AC200

(Olympus, 7 nm tip radius and 9 N/m spring constant) and with the NSC (MicroMasch,

10 nm and 40 N/m spring constant) cantilevers. The AFM images presented here were

all conducted in tapping mode, with the sharper AC200 and AC160 cantilevers. Spring

constant values were measured using the thermal noise method (Sader et al., 1999) and

found to be about 28 N/m for the AC160, (8.3 ± 1.8) N/m for the AC200 and (44.5 ±
5.6) N/m for the NSC.

Calibrations were performed prior to experiments. In brief, the Virtual Deflection in

Optical Path was calibrated by performing a force curve in air away from the stiff

substrate. The slope of the curve was set as the Virtual Deflection Line value. Then

the Inverse Optical Lever Sensitivity (InvOLS) was determined by performing ten force

curves on a stiff surface (glass slide). The mean of the ten inverse gradients of the

resulting retract signal was set as the cantilever sensitivity (Figure 4.1).

Loading

Unloading

Stiff substrate

Inverse slope = InvOLS

InvOLS= ZSnr/DeflV (nm/Volts)
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Figure 4.1: The cantilever is brought into contact and deflect over a stiff flat
substrate, such as a glass slide or mice. This produces a deflection (Volts)
versus displacement (nm) curve. The inverse slope of the curve represents how
many nanometers (nm) of deflection corresponds per Volts of deflection. DeflV:
Deflection in Volts; ZSnr: Vertical displacement of piezocrystal (sensor).

Polymers:

For cantilever–based nanoindentation on PP and PMMA three AFM cantilevers with

different spring constants were used. The AFM cantilever were used to indent the

samples at the a number applied loads ranging from 0.03 to 5 N.
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More specifically, the AC160 cantilevers were used to perform indentation tests for ap-

plied loads at 1 , 2 and 5 N. A sample image of 15 m x 15 m was scanned and 9

indentation positions were defined with 5 m separation distance. Loading and unload-

ing time were set to 10 sec and holding time at maximum load for 10 sec to minimize

creep relaxation effects. Then an image was recorded to confirm the presence of indents.

These experiments were performed by Dr. Jurgita Zekonyte and Mr. Sebastien Fabri.4

The AC200 and NSC/CSC were used in testing both polymers and collagen fibrils.

The applied loads in these experiments were set at 30 nN (same as in bronchial airway

collagen fibrils) and 150 nN (same as in murine collagen fibril). For these tests we

performed Force Volume (FV) maps over a 2 m x 2 m area with resolution of about 30

points x 30 lines. The scan rate was set to 50 nm/sec and no holding time was applied.

Collagen fibrils:

Unless otherwise specified, the AC200 and NSC cantilevers were used for cantilever–

based nanoindentation on collagen fibrils. AFM imaging, prior to nanomechanical data

acquisition, allows the user to discriminate individual collagen fibrils deposited on a

flat stiff surface (glass slide) from fibril bundles, as illustrated in Figure 4.2. This is

important because results from testing on a fibril bundle will most probably not be

representative of a single fibril.

Figure 4.2: AFM (A) height and amplitude (B) image of individual collagen
fibril deposited on the stiff glass slide (white rectangle) and collagen fibrils
arranged into a fibril bundle (black rectangle).

During AFM cantilever-based nanoindentation on individual collagen fibrils it is im-

portant to avoid substrate effects but also to ensure sufficient cantilever deflection. In

conventional nanoindentation of thin films the maximum indentation depth that can be

achieved before the substrate affects the resulting force curves is limited to 10% of the

total thickness of the sample (Persch et al., 1994). For nanoindentation testing on indi-

vidual collagen fibrils, this was accomplished by setting an applied load of 150 nN for

murine samples (where the diameter of tested fibril was larger than 80 nm) and 30 nN

4Affiliations are shown in the footnote of page 51.
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for collagen obtained from bronchial biopsies (where fibril diameter was approximately

30 nm). This choice of the applied load was achieved after testing a fibril over a range

of applied loads and comparing the maximum indentation depth with the overall height

of the fibril from the substrate as well as the derived indentation modulus.

A region of interest (ROI), including both a portion of the fibril and the glass slide

surface, was initially imaged. For ease of data collection the fibril long axis was aligned

to the fast scan direction. After offsetting the fibril on the centre of the image window

a Force Volume (FV) map was recorded. Each pixel of the FV map corresponds to

a single force–indentation test. The size of ROI depended on the fibril size and the

intended resolution (number of pixels) of the FV map. It was aimed to keep the time

low to minimize thermal drift effects of a recorded FV low and obviously this cannot

be achieved with high resolution FV maps. To obtain the least possible resolution but

sufficient to provide meaningful data we needed to consider the size of the fibril (width)

and the window length of ROI. Another important consideration was to record data

on the very crest of the fibrils. This minimized systematic errors of improper contact

between the tip and the fibril due to the cylindrical fibril geometry. We have empirically

found that a minimum of 10 lines per fibril width are sufficient to produce data on the

fibril crest. We also propose below a simple function that returns the number of FV

pixel resolution:

PixelResolution = W
n

D
(4.1)

considering the known fibril width, D, the window length of ROI, W and the favoured

total number of force curves, n. As illustrated in Figure 4.3, for 10 lines to be recorded

transversely within a 400 nm (D = 400 nm) wide fibril over a 2 m x 2 m area the

resolution (W = 2000 nm) should be 50 points x 50 lines (i.e. PixelResolution = 50).

To test the repeatability and the effect of the glass slide substrate on the indentation

modulus of collagen fibrils twelve (12) points were selected on a collagen fibril originated

from WTM tail tendon (deposited on the surface of the glass slide) as shown in Figure 4.4.

The odd numbered points in Figure 4.4 correspond to single force–indentation curve at

150 nN applied load. On the other hand, nine consecutive force–indentation curves,

with increasing applied load at 30 nN, 90nN, 150 nN, 210 nN, 270 nN, 330 nN, 500 nN,

1000 nN and 2000 nN, were recorded on each of the six even numbered points.
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Figure 4.3: (A) Typical force–indentation curve from AFM cantilever–based
nanoindentation on a collagen fibril. (B) Schematic of the experiment on a
collagen fibril. (C) Force Volume map of a collagen fibril recorded with the
fast scan axis parallel to the long axis of the fibril with a resolution of 50
points x 50 lines. The image size was 2 µm x 2 µm and the width of the fibril
approximately 400 nm. z: total vertical displacement; h: indentation depth; d:
cantilever deflection.

Figure 4.4: Odd numbered points correspond to preselected positions where
single force–indentation curves were performed at 150 nN maximum applied
force. Even numbered points correspond to preselected positions where nine
force–curves were selected at each point with increasing maximum applied force
from 30 nN to 2000 nN.
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4.2.3 Data analysis

4.2.3.1 Projected area function and indentation modulus determination

The recorded data were analysed as described in subsection ??. In brief, we performed

the Oliver–Pharr method for calculations of indentation modulus. For deriving a func-

tion of the contact area we first reconstructed the AFM tip apex and then delivered the

area function using a built–in function in the AFM control package within the IGOR

Pro 6.05 software, as described in subsections 4.2.3.2 and 4.2.3.3.

4.2.3.2 AFM tip reconstruction

To obtain the contact area function for the AFM tip apex, it is important to be able

to know the geometrical features of the tip. Some have This can be achieved by several

reconstruction methods. proposed by Keller and Franke (1993).

Initially an AFM image of a silicon spike from a calibration grating (TGT1, NT-MDT)

was recorded. The resulting image is a convolution of the tip–spike geometrical features.

A deconvolution image of the tip shape is then generated from a reconstruction algorithm

programmed in Matlab assuming the spikes to be cones with an opening angle of 50 de-

grees and a tip radius of 5 nm (as proposed by the manufacturer). The projected area

function was extracted from the reconstructed image of the tip using a built-in function

of the Igor Pro software (Igor Pro 6.22A, v.101010 0723, Asylum Research). The ex-

tracted data, of projected area and height of the tip, were then fitted with Equation 3.2.

Figure 4.5 shows the three dimension perspectives of the convoluted and reconstructed

AFM height images and their corresponding area functions of contact.

4.2.3.3 Determination of projected area of contact

Determination of indentation modulus data requires the acquisition of projected area

function of contact between the indenter and the sample. The area function of the

indenter used in conventional nanoindentation is determined by direct imaging of the

Berkovich tip with an AFM (Barone et al., 2010; Gadelrab and Chiesa, 2012). For AFM

imaging, the indenter must be mounted firmly and expose the tip apex towards the AFM

tip. Post imaging analysis deliver the projected area function of the indenter (using a

built–in function in the AFM control package within the IGOR Pro 6.05 software).

4.2.3.4 Statistical analysis

All statistical analysis was performed in OriginLab. One way analysis of variance

(ANOVA) was performed to test differences between groups. To correct for unequal
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Figure 4.5: Three dimensional perspectives of (A) the convoluted and (B) the
reconstructed AFM height images. (C) Area functions of convolution and re-
constructed images.

variance among the data, transformations were applied appropriately such as normal

logarithm or square root (Wilson and Worcester, 1945). Results were considered to be

significant for P–value <0.05. Unless otherwise specified, data are presented as mean ±
standard deviation.

4.3 Results and Discussion

4.3.1 Conventional versus AFM cantilever–based nanoindentation of

PMMA and PP

Typical loading and unloading force–indentation curves of PP and PMMA recorded by

AFM cantilever–based nanoindentation within a range of applied forces (30 nN to 5 )

are shown in Figure 4.6. Average indentation modulus values of both polymers at 50

N, 100 N and 1000 N applied loads determined via conventional nanoindentation tests

were not significantly different, as presented in Figure 4.7.

The indentation modulus of PP determined via AFM cantilever–based nanoindentation,

EPP−AFM = (1.29 ± 0.34) GPa), did not differ significantly (P–value = 0.13) from the

one determined via conventional nanoindentation, EPP−Conv = (1.66 ± 0.08) GPa. One

the contrary, the indentation modulus of PMMA determined via AFM cantilever–based

nanoindentation, EPMMA−AFM = (3.46 ± 0.72) GPa, was significantly lower (P–value =

0.03) compared to the one determined with conventional nanoindentation, EPMMA−Conv
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Figure 4.6: Typical force–indentation curves recorded with AFM cantilever–
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= (4.78 ± 0.20) GPa. The coefficient of variation (CoV) of PP and PMMA suggests

that AFM cantilever–based nanoindentation on both polymers has larger variability –

CoVPP = 17% and CoVPMMA = 36%, compared to conventional nanoindentation –

CoVPP = 5% and CoVPMMA = 12%.
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In conventional nanoindentation, the indentation depth of PMMA and PP ranged be-

tween 77 nm to 394 nm and 150 nm to 730 nm respectively. In AFM cantilever–based

nanoindentation the indentation depth of ranged between 5 nm to 122 nm for PMMA

and 4 nm to 247 nm for PP. It is possible that lateral sliding of the AFM probe might

occur during small penetration depths in AFM cantilever–based approach. This could

lead to systematic errors of the measured indentation modulus and increased variability.

Additionally, the chemical state of the polymer surface could also be responsible for the

larger variability of the data. It is well known that surface properties of polymers can

differ from bulk ones. Hence, indentation modulus may change with increasing the ap-

plied load (i.e. increasing indentation depth) due to different degrees of cross–linking on

the surface and below this layer, as well as surface mechanical and chemical aberrations.

Surface changes usually lead to a stiffer outer layer compared to the layers of the bulk

material (Grunlan et al., 2001).

Material composition (i.e. the ratio of crystalline and amorphous regions) could be

most likely responsible for the variation in indentation modulus, with increasing the

applied load, in PMMA (Clifford and Seah, 2005). Crystalline regions are denser than

amorphous ones, hence resulting in a larger indentation modulus. Further, segregation

of low molecular weight species and less densely packed amorphous regions at the surface

area (within the top 40 nm 200 nm) of PMMA (Satomi et al., 1999; Kawana and Jones,

2001) would result in a lower indentation modulus at applied loads lower than 10 µN, as

shown in Figure 4.7. In the current study, the penetration depths in both PMMA and PP

(≈122 nm for PMMA and ≈247 nm for PP) are comparable to the size of the amorphous

segregation regions on the surface. Additionally, AFM cantilever–based nanoindentation

provides rather localized measurements. Considering this and that both crystalline and

amorphous regions are present, we can explain why we observe higher variability of the

indentation modulus in data obtained from AFM cantilever–based indentation.

Another source of error in nanoindentation experiments is associated with surface rough-

ness. The determination of contact area between the tip and the sample is affected by

the presence of asperities, in particular if their size is comparable to the indenter size

(Fischer-Cripps, 2012). This can largely influence the derived indentation modulus. To

study the effect of roughness we tested two areas in PP, one with 40 nm and the other

with 10 nm RMS roughness. AFM height images, their corresponding FV maps and

box plots of indentation modulus are shown in Figure 4.8. The rougher area (RMS =

40 nm) shows a larger variability – (2.27 ± 2.11) GPa, CoV = 93% – compared to the

smoother area (RMS = 10 nm) - (1.56 ± 0.85) GPa, CoV = 54%. Still the area with

the lower surface roughness show considerable variability. This can be explained by the

size of the AFM tip radius of about 10 nm, which is comparable to the RMS roughness

of 10 nm.

The effect of roughness can be reduced by introducing a larger tip radius and also higher

applied loads to reach larger indentation depths. Clifford and Seah (2005) have shown
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a lower variation in indentation modulus compared to our data. The authors of this

study used AFM cantilevers with a tip radius of 176 nm, which is about ten times larger

compared to the ones used in the present study. Additionally Clifford and Seah (2005)

applied loads more than 3 µN reaching indentation depths from 10 nm to about 500 nm.

Results presented in Figure 4.8 are limited in 150 nN applied loads and the tip radius

was not more than 20 nm. This explains why our data show larger variability from those

in literature. For the same reason, the variation of indentation modulus determined via

AFM cantilever–based nanoindentation presented in Figure 4.7 is larger than the one

presented by Clifford and Seah (2005).

We tested the polymer samples at low applied forces, i.e. similar to the ones applied

with the same AFM cantilevers on collagen fibrils. Distributions of indentation modulus

determined with AFM cantilever–based nanoindentation at low applied forces (30 nN

and 150 nN) of PP and PMMA are shown in Figure 4.9. More specifically, the indenta-

tion modulus distributions of PP resulted from applying two different loads (30 nN and

150 nN) using the same AFM cantilever (AC200). On the other hand, the distribution

of PMMA data is a result of using the same load (at 150 nN) with two different AFM

cantilevers (AC200 and NSC). The AC200 has a lower spring constant (8.3 ± 1.8 N/m)

compared to the NSC (44.5 ± 5.6 N/m). Both results from PP and PMMA suggest

reproducibility. Although the indentation modulus values for PMMA show larger vari-

ation, as discussed above, it is possible to obtain reliable measurements of samples with

different indentation modulus values using AFM cantilever–based nanoindentation. Yet

it might be sensible for bulk samples, to either reduce surface roughness as much as

possible, or to selectively only analyse data points obtained from flat locations on the

surface.

4.3.2 Collagen mechanics at the individual fibril level

4.3.2.1 Nanoelasticity of human and murine collagen fibrils

The mean indentation modulus of collagen fibrils from human bronchial biopsies (HBB)

was (1.3 ± 0.4) GPa, from rat and wild type mouse tail tendon (RTT and WTM respec-

tively) was (2.8 ± 0.9) GPa and (8.4 ± 1.7) GPa respectively. Results are presented in

Figure 4.10. Individual values represent the mean indentation modulus of:

• Each donor (n=7 donors) for HBB samples. Three fibrils were tested from each

donor and about 20 to 30 curves were recorded on each fibril.

• Each fibril tested for RTT (n=3 fibrils) and WTM (n=8 fibrils) tail tendons.

Samples were harvested from one animal from each species.
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Figure 4.8: AFM height images of a (A) 20 µm x 20 µm and a (B) 3 µm x 3
µm area on PP. Corresponding force maps of the two areas (C, D) and (E) box
plots of indentation modulus against the RMS roughness values. The median
values are shown with a horizontal line, the mean values with a circle and the
first and third quartiles (Q1 and Q3) are the bottom and top of range of the
box plot respectively.

Statistical significant differences (P–value <0.01) were detected between all samples.

The nature of the difference could be a result of the chemistry of collagen cross–linking.

Variation in cross–link chemistry of collagen have been suggested to be tissue and
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Figure 4.9: PP was tested with the AC200 cantilevers in the same area but
with applied forces of 30 nN and 150 nN. PMMA was tested with two different
cantilevers, the AC200 and NSC, at same applied force of 150 nN. Indentation
modulus values were found to be (1.59 ± 0.66) GPa (n=959, 30 nN) and (1.57
± 0.52) GPa (n=400, 150 nN) for PP and (4.17 ± 1.19) GPa (n=828, NSC)
and (4.11 ± 1.15) GPa (n=390, AC200) for PMMA.

collagen–type specific rather than species specific (Eyre and Wu, 2005; Avery and Bailey,

2008).

The structure of fibrillar collagens is maintained by the formation of covalent cross-links

between the telopeptides of adjacent collagen molecules. These collagen cross–links

are regulated the hydroxylation of telopepeptide lysine (Lys) and hydroxylysine (Hyl)

residues (Eyre and Wu, 2005). Hydroxylation of Lys and Hyl residues is induced by the

enzymes lysyl oxidase and hydroxylase respectively. The tissue–specific differences in

the chemistry of collagen cross–links (Robins and Bailey, 1977; Avery and Bailey, 2008)

depend on the degree of hydroxylation of these residues (Yamauchi and Shiiba, 2008).

Differences in the indentation modulus of collagen originated from the bronchi and tail

tendons may be partly explained by change in the chemistry of collagen cross–links

between these tissues.

Another source of different type of cross–linking could be the ratio of collagen types.

Type I collagen predominates in murine tail tendons and bronchial airway walls. How-

ever, type I collagen fibrils are not explicitly constituted of collagen type I molecules.

In fact, collagen types III and V molecules form co–fibrils with collagen type I during

the formation of type I collagen fibrils (Kadler et al., 1996). Specifically, collagen V

molecules are known to be responsible for initiating fibril formation (Birk, 2001). Dur-

ing tendon formation, the increase of collagen fibril diameter has been associated with

a decrease in expression of type III collagen (Birk and Mayne, 1997). On the other
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hand a significant amount of collagen type III has been detected in the subepithelial

membrane of bronchial airways (Godfrey, 2009). This may explain changes in the type

of cross–linking resulting in lower indentation modulus.

In addition to enzymatic cross–links there are also the non–enzymatic reactions in the

collagen fibrils that occur with time. These reactions result in the accumulation of glu-

cose mediated inter–molecular cross–links (Reiser, 1991). An increase of tissue stiffness

is observed with increasing the amount of glucose mediated cross–links (Sims et al.,

2003; Bank et al., 1998; Reihsner and Menzel, 1998). Thus, stiffening may also occur on

the individual collagen fibril level, which could also explain the differences in modulus

we observe between the different species.
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Figure 4.10: Indentation modulus of collagen fibrils from human bronchial biop-
sies (HBB), rat (RTT) and wild-type mouse (WTM) tail tendon. The individual
markers in HBB correspond to the mean indentation modulus of individual vol-
unteers, whereas the markers in RTT and WTM correspond to mean indentation
modulus of individual fibrils. The mean indentation modulus is significantly dif-
ferent (P–value <0.01) between all samples.

4.3.2.2 Repeatability test and effect of substrate

The corresponding force–indentation curves with increasing applied force are shown

in Figure 4.11. The loading part of force–indentation curves from 0.03 to 0.33 N

lie on top of each other. Force–indentation curves recorded at 0.5 N to 2 N overlap

only in the lower part (up to about 300 nN) and beyond this point the slope increases

resulting in non–overlapping regions. The non–overlapping regions are most likely due

to the substrate affecting the cantilever deflection. At large indentation depths the
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stiff substrate prevents the tip from further penetration, resulting in increased relative

deflection and therefore force.
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Figure 4.11: Force–indentation curves from repeatability test on a collagen fibril.

Indentation modulus values are presented versus the maximum applied load in Fig-

ure 4.12A and the maximum indentation depth (hmax) normalized to the fibril height

in Figure 4.12B. For 30 nN and 90 nN applied loads (i.e. indentation depths) the mean

indentation is higher with a larger variation compared to the one determined at 150 nN.

In fact the mean indentation modulus at 150 nN is the lowest with the smallest variation

compared to all the other measurements. For applied loads from 150 nN to 500 nN the

indentation modulus increases gradually from 2.8 GPa to 3.3 GPa. For 500 nN to 2000

nN applied loads indentation modulus increases to 6.6 GPa. A summary of the results

of mean indentation modulus and coefficient of variation are presented in Table 4.1.

Load (nN) Indentation
depth (nm)

Indentation
modulus
(GPa)

CoV (%)

30.0 1.4 (0.2) 4.0 (1.5) 38
90.0 3.4 (0.7) 3.0 (0.9) 30
150.0 4.8 (0.7) 2.8 (0.5) 18
210.0 5.9 (0.9) 2.9 (0.7) 24
270.0 7.0 (0.9) 3.1 (0.9) 29
330.0 7.9 (1.2) 3.2 (0.8) 25
500.0 10.1 (1.8) 3.3 (0.9) 27
1000.0 17.4 (2.6) 4.0 (0.7) 18
2000.0 26.3 (2.6) 6.6 (2.1) 32

Table 4.1: Summary of results from the repeatability test.
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Figure 4.12: Indentation modulus plotted against the applied load in panel A
and against the ratio of indentation depth and height of the collagen fibril. The
lowest point was observed at 150 nN applied load. The indentation modulus in-
creases gradually beyond 150 nN of applied load. However, only the indentation
modulus at 2000 nN applied load was statistically significant different from the
one determined at 150 nN applied load. From panel B we can conclude that the
10% rule, of maximum indentation depth without the substrate affecting the
indentation modulus values, must be followed although maintaining the maxi-
mum indentation depth to 6% of the collagen fibril height is ideal for minimizing
the standard deviation.

The larger mean value and variation of indentation modulus that was determined at

30 nN and 90 nN applied loads could be attributed to the relatively rough surface of

collagen fibrils compared to the tip radius (Rtip) and the small indentation depths (h).

The possible effect of collagen surface roughness is discussed in Appendix A.

A larger difference of indentation modulus (160%) has been observed between the overlap

and gap regions along the collagen fibril, with the overlap regions being stiffer (Grant

et al., 2012). This differencehas been attributed due to the density disparity of these

regions (Grant et al., 2012). Researchers from this group performed dynamic mechanical

analysis, by indenting collagen fibrils driving the AFM cantilever at a range of frequencies

from 0.5 Hz to 2 Hz with oscillatory force as low as (30 ± 15) nN. Unravelling the

bimodal distribution of indentation modulus in the present study was not possible as we

used static instead of dynamic loading in combination with the lower resolution of the

recorded FV maps (i.e. number of force curves recorded along a fibril).

Another potential issue during indentation is the cylindrical geometry of collagen fibrils.

Indenting on the crest of the fibril minimizes errors associated with improper contact
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between the AFM tip and the sample, and as explained, care was taken in the present

study that analysed indents were indeed always placed on the crest of a fibril. Contact

on the sides of the fibril results in force–indentation curves that deviates from the ones

taken on the crest. A comparison of force–indentation curves taken on the crest and on

the side of the fibril are presented in Figure 4.13.
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Figure 4.13: Panel A shows a cross–section graph (red line) of a collagen fibril
and three cases of point of contact the tip (shown in V) and cross–section. Panel
B shows a force volume map of the corresponding collagen fibril. In panel C, the
force-indentation curves retrieved at different point of contacts are compared to
each other. The green graph in panel C corresponds to the green pixel in panel
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Point and shoot operation gives the opportunity to the user to selectively perform force–

indentation tests around the sample by selecting points on the previously recorded image.

However, experience showed that this operation should be used with great care because

of thermal drift issues. In fact this effect could have been partly responsible for the

variation of the data shown in Figure 4.4. The experience from this study suggests that

the use of FV maps is a better approach the point–and–shoot unless the specific loading

protocol makes FV maps infeasible.

Residual imprints were visible in AFM imaging only beyond 200 nN applied load, even

though force–indentation curves recorded at 90 nN load already indicated a small plas-

tic deformation of about 2 nm (intersection of unloading curve with x-axis in force–

indentation curves). There could be several possible explanations why we could not

image the residual imprints after indentation at loads less than 200 nN:
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a. Masking of the imprints during AFM imaging with an AFM tip radius (≈10 nm)

larger than the size of the imprints, ranging between 2–3 nm.

b. Relaxation after unloading. Viscoelastic behaviour under tensile loading is a known

mechanical property of collagen fibrils (Shen et al., 2011). Although our experiments

were conducted in air (environmental dry conditions) and under indentation loading,

it is possible that collagen molecules rearrangement occurs after unloading at low

applied forces.

c. Collagen fibril has surface topographical features, as shown in the error image (Ampli-

tude AFM image; Figure 4.14), that could render the decision of describing a feature

as a residual imprint difficult.
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Figure 4.14: The height (A, C) and amplitude (B, D) AFM images of a collagen
fibril before and after indentation tests illustrate the shape of residual imprints
at different applied forces. Residual imprints were observed at maximum applied
forces larger than 200 nN.

Additionally, the geometry of residual imprints recorded at applied force of 4 µN (Fig-

ure 4.15) provides insight on the anisotropic nature of collagen fibrils. Imprints possess

an ellipsoid shape (major axis of about 200 nm and minor axis of about 40 nm), the

major axis of which lies along the fibril longitudinal axis, which is along the long axis

of the collagen molecules. Similar ellipsoid geometry of imprints was observed in the
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collagen fibril shown in Figure 4.14. Interestingly, pile–up (indicated with white arrows;

Figure 4.15) was present in the lateral direction of the fibril axis. This is most likely

because of collagen molecules being compressed from the sides of the AFM tip apex.

This would create tension loading on the collagen molecules located at the peripheral

of the pile–up regions. However, no pile–up was observed along the major axis of the

residual imprint (indicated with black arrows; Figure 4.15). This is most likely because

splitting is the dominant deformation mechanism along the fibril axis. Splitting would

follow after breaking of intermolecular cross–links located at the tips of the ellipsoid

(blue arrow; Figure 4.15B).
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Figure 4.15: Residual imprints at 4 µN applied load. (A) AFM image of height
topography of a collagen fibril originated from mouse tail tendon showing the
residual imprints after loading at 4 µN. (B) Three dimensional illustration of
a residual imprint. Pile–up is present only on the lateral direction of the fibril
axis while it seems that splitting dominates as deformation mechanism along
the longitudinal axis. (C, D) Line profiles of the imprint along the major and
minor axis of the ellipsoid shape, respectively.

4.3.2.3 Effect of fibril diameter

Mean values of indentation depth, h, and indentation modulus, E, are plotted against

the fibril (originated from WTM) diameter in Figure 4.16. There was no statistically

significant correlation of the indentation modulus (P–value = 0.632) and depth (P–value
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= 0.848) with fibril diameter. This finding would suggest that interpretation of data

from a comparative study is feasible as long as indentation depth remains below the

threshold of about 10% of fibril height.
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Figure 4.16: No statistically significant correlation was found between the in-
dentation modulus and depth with the diameter of the fibrils.
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4.3.2.4 Effect of analysis method

Several studies have previously investigated the mechanics of individual collagen fibrils

by means of AFM cantilever–based nanoindentation (Heim et al., 2006; Grant et al.,

2008; Wenger et al., 2007). Heim et al. (2006) have reported indentation moduli in the

range of 1–2 GPa, and Grant et al. (2008) reported an average indentation modulus of

(1.9 ± 0.5) GPa measured on reconstituted collagen fibrils originated from collagen from

Cucumaria frondosa and bovine Achilles tendon, respectively. Wenger et al. (2007) have

reported indentation moduli in the range of 3.7-11.5 GPa using native untreated collagen

fibrils from rat tail tendon. The range of moduli values from literature is presented on

the right hand side of the graph in Figure 4.17 with bars. Results from Grant et al.

(2008) are comparable to those from Heim et al. (2006) but both are about 7 times lower

from those presented by Wenger et al. (2007).

Collagen from all three studies originated from different species, although all three stud-

ies focused on type I collagen fibrils. The most likely explanation for the large differences

in the results between Wenger et al. (2007) and the other two studies (Heim et al., 2006;

Grant et al., 2008) is variations in the cross–linking, as discussed above in subsection

4.3.2.1. It is rather straightforward to assume that reconstituted collagen fibrils do have

significantly different cross–linking, i.e. only immature divalent cross–links, compared

to native collagen.

However, these studies have followed different analysis methods. Heim et al. (2006);

Grant et al. (2008) have used the Hertzian contact theory whereas Wenger et al. (2007)

have used the Oliver–Pharr method. The only difference between Heim et al. (2006)

and Grant et al. (2008) was that the first assumed contact between a sphere (tip shape)

and an infinitely long cylinder (fibril geometry). One might speculate that this could

also be partly responsible for difference in reported indentation moduli.

Analysing our results from 8 fibrils in the same way as Grant et al. (2008) (Hertzian

contact between two spheres) and Wenger et al. (2007) (Oliver–Pharr) showed that

the Hertzian theory resulted in 24% lower indentation modulus when compared to the

Oliver–Pharr method, while using the contact area function of the reconstructed tip.

Additionally the Oliver–Pharr method assuming contact of a spherical indenter over

a flat surface resulted in 8% and 42% larger average indentation modulus value com-

pared to Oliver–Pharr using the reconstructed tip area function and Hertzian theory

respectively. The contact area of a sphere and of the reconstructed tip apex is shown

in Figure 4.18A. Indentation modulus values determined with the different approach of

contact are compared in Figure 4.18B. The ratio of EOP−Recon/EOP−Sphere is greater

than 1 for ratio of areas AOP−Recon/AOP−Sphere smaller than 1 and vice versa.
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Figure 4.17: Indentation modulus plotted against the fibril diameter. No statis-
tically significant correlation was found between the indentation modulus and
depth with the diameter of the fibrils.

Changes in the contact area function result to slightly different indentation modulus

values, which is explicitly due to the function of the contact area used in the Oliver–

Pharr method. A comparison of the AFM tip area function (determined as described

in section 4.2.3.3) with one of a sphere is shown in Figure 4.18A. The tip radius in the

reconstructed tip shape was determined from the reconstructed image (Appendix B,

Figure B.1). Below 2.9 nm of indentation depth the area of the sphere is larger than

the one determined from the reconstructed method, which results in a lower indentation

modulus value (EOP−Recon/EOP−Sphere >1), as shown in 4.18B.

Our results from Hertzian analysis are higher than those presented in literature (Heim

et al., 2006; Grant et al., 2009). Most likely cross–liking (as mentioned above) but also

hydration state could be responsible for this difference. Both Heim at al. (20006) and

Grant et al. (2009) have used reconstituted collagen fibrils. It is most likely that only

immature divalent cross-links are present in these fibrils. This could explain the lower

indentation moduli reported by these authors.

4.4 Conclusions

We have mechanically characterized individual collagen fibrils from rat tail tendon,

mouse tail tendon and human bronchial airways via AFM cantilever–based nanoinden-

tation. This is an important step towards the applicability of the technique on collagen

fibrils with lower diameter (30 nm) compared to the ones studied previously (100 nm).

However, our validation study and the comparison to previous studies suggested that

there are limitations to be considered during interpretation of data. Such limitations

are related to:



72
Chapter 4 Nanomechanical assessment of collagen fibrils using atomic force microscopy

cantilever–based nanoindentation

0 2 4 6 8
0

50

100

150

200

Heightnm

2
A

re
a

n
m

)

Reconstructed

Spherical contact

4.3 nm

2.9 nm

-5 -6 2
A(h)=1.44•10 h+1.28•10 h

10

2
A(h)=π(8.6h-h )

0.6

0.7

0.8

0.9

1

1.1

1.2

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

E
/E

O
P

-R
e
co

n
O

P
-S

p
h

e
re

A

B

A /AOP-Recon OP-Sphere

Figure 4.18: Projected areas of the reconstructed AFM tip and of a sphere
with 4.3 nm radius. Assuming a spherical contact, the actual projected area
is underestimated for indentation depths larger than 2.9 nm. This leads to
an overestimation of indentation modulus values. (B) Indentation modulus
differences between the two approaches are due to the different calculation of
the projected area. It is therefore important to take into account the analysis
method in the need of comparing results with literature or perform the same
analysis method with literature that is of interest to compare with.

a. Sample topography. Geometrical features such as surface roughness and geometrical

shape of sample (i.e. cylinder in the case of collagen fibrils) are responsible for the

variation of data. This information can also be used to discriminate and if possible

exclude data from analysis.

b. Tip geometry. Contact area depends on the tip geometry. Variations on the as-

sumptions made to estimate the tip geometry could cause changes in the indentation

modulus. This is possibly responsible for the larger effect on the accuracy of the

measurements.

c. Analysis method. Several analysis methods exist to analyse data from nanoindenta-

tion tests. Assumptions amongst the various methods differ and therefore the result-

ing indentation modulus values. This should be considered when data are compared
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to the literature values. Experimentation and analysis methods must be described in

detail to allow cross–comparison of results obtained by different groups and different

studies.

d. Biochemistry of collagen fibrils. The type and amount of inter–molecular cross–links

seems to be determinant of collagen fibril nanoelasticity.

We additionally suggest the use of the reconstruction method to provide the contact

area function of the AFM tip. The advantage is that this can be achieved with the same

instrument, i.e. making it available to anyone performing cantilever-based indentation

measurements.

The broad range of environmental conditions and ease of use of AFM has made it a

popular technique for nanomechanical assessment of biological samples via cantilever–

based nanoindentation (Cross et al., 2007; Stolz et al., 2009). The technique could be

used to investigate the mechanics at different hierarchical levels of collagen tissues, most

importantly at the level of individual collagen fibrils. Unravelling the mechanics at the

individual fibril level of collagen will provide insight of the contribution of these elements

on the mechanical properties at the tissue level. With no doubt AFM seems to be a

promising tool to answer important biological, biomedical and clinical questions related

to mechanical performance of collagen–rich tissues in both physiology and pathology.





Chapter 5

Altered structure–mechanical

properties of type I collagen

fibrils from the oim mouse model

5.1 Background

Recently, molecular dynamic simulations have shown larger local kink formations in

the homotrimer compared to the heterotrimer collagen (Chang et al., 2012). Local

kink formations were mostly responsible for the observed decrease in the tensile elastic

modulus of the molecule (Chang et al., 2012). These findings may explain changes in

crystalline packing into fibrils supported by evidence from x-ray diffraction of collagen

originated from oim mouse compared to that from wild type (WT) ones (McBride et al.,

1997). Additionally, Miles et al. (2002) have suggested a 7% higher inter–molecular

lateral distance in oim collagen fibrils from estimations of increased volume fraction of

water.

As a consequence of changes at the molecular and fibril level of type I homotrimeric

collagen, a number of tissue abnormalities have also been reported in oim mice Byers

et al. (1991); Prockop (1995). In particular, oim bones have been characterized by

impaired mineralization processes due to changes in the composition and size of bone

minerals (Phillips et al., 2000; Grabner et al., 2001). Abnormal collagen deposition

in oim bones have also been reported (Phillips et al., 2002). Moreover, changes in

the mechanical properties of oim bones have been reported. Both the strength and

toughness are reduced in oim bones (Chipman et al., 1993; Miller et al., 2007). Similarly,

the ultimate strength of oim tendons was impaired compared WT ones (Misof et al.,

1997a).
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Although, the substitution of α2(I) chain from α1(I) in the collagen molecule has been

linked with reduced strength, toughness at the tissue level and structural abnormali-

ties at the molecular level, the question with regards to changes in the relationship of

structure–mechanical properties at the individual fibril level of collagen has not been

answered so far.

This study is based on the hypothesis that the altered structure of oim type I collagen

molecule alter the structure–mechanical function of the type I collagen fibril in oim.

AFM imaging and cantilever–based nanoindentation were employed to investigate the

structure–mechanical relationship of oim collagen fibrils.

5.2 Materials and Methods

5.2.1 Chemicals

Phosphate Buffered Saline (PBS) tablets and pure ethanol were obtained from Sigma

Aldrich, UK. For all experiments ultra–pure deionized water was used (Milli–Q DIRECT

5).

5.2.2 Animals and collagen sample preparation

Five months old B6C3Fe-a/a-+/+ wild type and pathologic B6C3Fe-a/a-Col1a2Oim/Oim

mice were culled, tails were dissected and stored in gauze soaked with a phosphate buffer

saline solution at -18oC until further use. Each tail tendon section was harvested with

scalpel and tweezers, and then deposited on microscope glass slide. To improve adhesion

of collagen fibrils on the surface, poly–l–lysine coated glass slides were used (Thermo

Scientific). To reveal areas with individual collagen fibrils the tail tendon sections were

smeared out on the glass slide surface with the use of scalpel and tweezers similarly

to Wenger et al. (2007). Samples were air dried, stored in a desiccator until further

use. Maximilien Vanleene1 and Prof. Sandra J. Shefelbine1 contributed to this work by

providing the mice tail tendons from wild type and oim animals, which were bred at the

Department of Bioengineering at Imperial College, London.

5.2.3 Atomic force microscopy imaging and nanoindentation

AFM experiments were carried out in a temperature – (20.7 ± 0.7) oC – and humidity

– (47.9 ± 6.7) % – controlled room with the MFP–3D atomic force microscope (Asylum

1Department of Bioengineering, Imperial College London, London, UK.
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Research, Santa Barbara, CA, USA). All experiments that included the use of a solu-

tion were performed in a standard open fluid cell (Fluid Cell Lite, Asylum Research;

Figure 5.1).

Fluid Cell
Glass slide

Solution
AFM cantilever

Figure 5.1: Illustration of experimental set–up for AFM cantilever–based
nanoindentation performed in solution, either aqueous or ethanol.

Unless otherwise specified, images of individual collagen fibrils were obtained in contact

mode at about 1 Hz scanning rate, either in air on dehydrated samples or in PBS before

indentation testing. For swelling measurements, i.e. increase in collagen fibril height

when going from dehydrated (experiments in air) to hydrated state, the same fibrils

were imaged before and after hydration.

Cantilever–based nanoindentation tests were performed in fully hydrated samples (PBS),

in air dried and in a number of PBS solutions with increasing concentration of ethanol.

For nanoindentation tests on fully hydrated samples, the V–shaped and rectangular

(PNP–TR and PNP–DB, NanoWorld AG, Switzerland) pyrex nitride cantilevers of (0.24

± 0.02) N/m and (0.35 ± 0.05) N/m spring constants respectively (nominal values are

0.32 N/m and 0.48 N/m for PNP–TR and PNP–DB respectively) with a silicon nitride

pyramidal tip of <10 nm tip radius, were employed. For nanoindentation tests in air

dried samples, trihedral silicon tips with spring constant of (44.5 ± 5.6) N/m (nominal

value is 40 N/m) and a tip radius of less than 10 nm (NSC15 rectangular cantilevers,

MicroMasch) were used. For nanoindentation tests in pure ethanol, silicon cantilevers

with spring constant (8.3 ± 1.8) N/m with about 7 nm tip radius (AC200, Olympus)

were employed. All nanoindentation experiments were carried out under force control

at 150 nN load for air dried samples, 2 nN load for PBS hydrated samples and at 14

nN load for samples immersed in pure ethanol. During indentation experiments, the

maximum indentation depth must be considered to selecting the maximum load. The

maximum indentation depth is limited to 10% of the height from the stiff substrate

(Persch et al., 1994).

5.2.4 Acquisition of force curves

Acquisition of force curves from AFM cantilever–based nanoindentation was performed

as described in section 4.2.2.2.
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5.2.5 Determination of projected area of contact

For the NSC15 and AC200 cantilevers the projected area function of contact was de-

termined by the reconstruction method described in section 4.2.3.2. Figure 5.2 shows

the projected area function of contact of the AC200 cantilever tip which was used for

nanoindentation experiments on collagen fibrils dehydrated with pure ethanol.

0 10 20 30 40

0

1

2

3

4

5

-3
2

A
re

a
 (

x
1

0
 μ

m
)

Height (nm)

6 2 5- -A(h) = (1.67•10 ) h +(4.08•10 ) h
2

R  = 0.99

0

250

500

n
m
μm

1.5

1.0

0.5

0

1.0
1.5

μm
0.5

0

Figure 5.2: Projected area function of the reconstructed AC200 tip used in
experiments carried out in 100% ethanol.

For the PNP–TR and PNP–DB AFM cantilevers the projected area of contact was

approximated by assuming a pyramidal geometry with a round tip of radius R and half

opening angle θ. The assumption of the pyramidal tip was based on the specifications

provided by the manufacturer (R = 10 nm and θ = 35 deg). A graphical representation

of the vertical (blue) and horizontal (red) plane of a rounded pyramidal tip is illustrated

in Figure 5.3. The projected area of contact of a pyramid with a round tip is given by:

Aproj(h, ξ) = 4 (h+ ξ)2 tan2 θ (5.1)

where h is the indentation depth, ξ is a correction distance that accounts for the rounded

tip. Assuming a sphere placed on the bottom of a pyramid the correction factor ξ can

be described as a function of the half opening angle θ and tip radius R:

ξ(R, θ) = R (sin θ + cos θ tan (90− θ)− 1) (5.2)

Equation 5.2 takes the more specific form:
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Aproj(h) = 1.9 (h+ 7.4)2 (5.3)

for assuming a R = 10 nm and θ = 35 rad.
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Figure 5.3: Vertical (blue; panel A) and horizontal (red; panel B) view of a round
pyramidal tip with half opening angle θ and tip radius R. (C) Comparison of
projected areas of contact among a spherical indenter of 10 nm radius (dashed
curve), a pyramidal tip with sharp end (grey solid curve) and a pyramidal tip
with rounded end (solid blue curve). h: indentation depth; ρ: contact radius;
ξ: correction factor; L; width of rectangle.

For h >R(1 − sin θ) the projected area can be determined by Equation 5.1. But for a

round tip it is possible to have spherical contact. This is valid only when h <R(1−sin θ)

and the projected area is described by Equation 5.4:

Asphere(h) = π
(
2ρh− h2

)
(5.4)

where ρ is the contact radius of the sphere as illustrated in Figure 5.3. Assuming a

10 nm tip radius and 35 degrees half opening angle, the factor R(1 − sin θ) is 4.3 nm.

The minimum indentation depths during AFM cantilever-based nanoindentation with

the PNP cantilevers was about 10 nm. Therefore only Equation 5.1 for further data

analysis, was used. The projected area of contact of a sphere (with 10 nm radius), of a

sharp pyramid (ξ = 0, R = 10 nm, θ = 35 deg) and a pyramid with round tip (ξ = 7.4

nm, R = 10 nm, θ = 35 deg) are compared in panel C of Figure 5.3. Additionally,

the area function retrieved from the reconstructed AC200 tip is shown in panel B of

Figure 5.3.
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5.2.6 Statistics

Statistical analysis was performed in Minitab 16.2.4. One way analysis of variance

(ANOVA) was performed to test differences between groups. To correct for unequal

variance among the data transformations were applied appropriately such as normal

logarithm or square root. The generalized linear model (GLM) was performed to test

differences between the rate of modulus increase of oim and WT collagen fibrils with

ethanol concentration. Results were considered to be significant for P–value <0.05.

Unless otherwise specified, data are presented as mean ± standard deviation.

5.3 Results

5.3.1 Indentation modulus of collagen fibrils from WT and oim

In PBS, the indentation modulus of oim collagen fibrils from both female and male ani-

mals was significantly larger – Eoim−♀ = (42.9 ± 9.6) MPa, Eoim−♂ = (21.6 ± 8.7) MPa

with P–value <0.01 and P–value <0.001 respectively as shown in Figure 5.4 – compared

to WT ones – EWT−♀ = (6.9 ± 3.4) MPa, EWT−♂ = (2.6 ± 1.7) MPa. Additionally,

the indentation modulus of collagen fibrils from the oim female mouse was significantly

larger than the oim male one (P–value <0.01). Although there is a trend of higher

indentation modulus in female compared to male WT mice, no significant differences

were observed (P–value = 0.17). Box plots of indentation modulus of hydrated collagen

fibrils from oim and WT animals are presented in Figure 5.4.

In air dried samples, the indentation modulus of collagen fibrils was one order of magni-

tude greater compared to the ones measured in PBS. Interestingly, the modulus of oim

collagen fibrils of male mouse – Eoim−♂ = (5.5 ± 1.2) GPa – was significantly (P–value

<0.05) lower compared to the one from the female WT collagen fibrils, EWT−♀ = (8.4 ±
1.7) GPa. Box plots of indentation modulus of collagen fibrils (experiments in ambient

environment) from WT and oim mice are presented in Figure 5.5.

5.3.2 Indentation modulus of collagen fibrils increased with ethanol

concentration

The indentation modulus of collagen fibrils from both WT and oim mice increased

with increasing the ethanol (EtOH) concentration in the PBS solution (Figure 5.6).

Interestingly, the rate of modulus increase of oim collagen was significantly lower (P–

value <0.001) compared to the WT one. At 0% EtOH (i.e. samples immersed in 100%

PBS) the indentation modulus of oim collagen fibril was – (2.7 ± 0.3) MPa – statistically

significant larger compared to the WT one – (1.2 ± 0.4) MPa. No significant differences
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Figure 5.4: Box plots of indentation modulus of WT and oim collagen fibrils.
Individual values correspond to averaged modulus of each fibril. The indentation
modulus of oim collagen fibrils was (Eoim−♀ = (42.9 ± 9.6) MPa, Eoim−♂ =
(21.6 ± 8.7) MPa with N = 4 fibrils each) statistically significant different (*P–
value <0.01, **P–value <0.001) compared to the WT ones (EWT−♀ = (6.9 ±
3.4) MPa, EWT−♂ = (2.6 ± 1.7) MPa with N = 6 and N = 4 fibrils respectively).
Indentation modulus values of collagen fibrils from WT animals did not differ
significantly (P–value = 0.17).
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Figure 5.5: Box plots of indentation modulus of air dried collagen fibrils from
WT and oim mice. The averaged indentation modulus of oim collagen fibrils
in air was lower compared to the WT ones – EWT = (7.9 ± 0.7) GPa and Eoim

= (5.7 ± 0.3) GPa. Statistically significant differences were observed between
collagen fibrils from the female WT and the male oim mice – EWT−♀ = (8.4 ±
1.7) GPa and Eoim−♂ = (5.5 ± 1.2) GPa (P–value <0.05).
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between the indentation modulus of WT and oim collage fibrils at 25% and 50% EtOH

were found. The indentation modulus was estimated, by linear regression as shown in

Figure 5.6, to be equal at about 65% EtOH. Finally, and similarly to the results from

air dried samples, at 100% EtOH, i.e. dehydrated state, the indentation modulus of oim

collagen fibril, Eoim−EtOH = (453 ± 102) MPa, was significantly lower (P–value <0.001)

compared to the WT one, EWT−EtOH = (699 ± 146) MPa. Indentation modulus values

and the corresponding ethanol concentration are summarized in Table 1.

E = 699  WT-EtOH ± 146 MPa

E = 453 ± 102 MPa OIM-EtOH

E = 1.2  WT-PBS ± 0.4 MPa

E = 2.7 ± 0.3 MPa OIM-PBS
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Figure 5.6: Increase of indentation modulus in increasing concentrations of
ethanol diluted in phosphate buffer saline solution. The rate of increase in
oim modulus was statistically significant (P–value <0.001) lower compared to
WT one. In PBS (0% EtOH), the indentation modulus of oim collagen fibrils,
Eoim−PBS = 2.7 ± 0.3 MPa, fibril was significantly higher (P–valule <0.001)
compared to the WT one, EWT−PBS = (1.2 ± 0.4) MPa. At the dehydrated
stae (i.e. 100% ethanol) the indentation modulus of WT collagen fibrils is sig-
nificantly (P-value<0.001) higher compared to the indentation modulus of oim
collagen fibrils.

EtOH con-
centration

0% 25% 50% 100%

E (MPa) WT–male 1.2
(0.4/20)

4.4
(0.5/19)

15.4
(2.2/20)

699
(146/21)

oim–male 2.7
(0.3/17)

8.8
(1.9/20)

19.1
(4.8/20)

453
(102/22)

Significant
difference

P–value
<0.001

No No P–value
<0.001

Table 5.1: Average indentation modulus of collagen fibrils from WT and oim
male mice measured at increasing concentration of ethanol (EtOH) diluted in
phosphate buffer saline solution. Data are presented as mean (SD/Number of
tests on a single collagen fibril).
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5.4 Discussion

5.4.1 Type I collagen fibrils from the oim mouse tail tendon exhibit

500% higher indentation modulus compared to the WT ones.

In this study, a significantly higher (more than 500%) indentation modulus of collagen

fibrils from oim mice compared to the ones from WT was observed. This increase may

be associated to a number of changes occurring at the fibril level of collagen. Such

changes could include:

1. The structure and cross–linking state (i.e. collagen cross–linking) of collagen fibrils.

2. The ability to form H–bonds and the hydration level.

In the course of life, a number of biochemical changes occur in collagen fibrils. Reiser

(1991); Bailey (2001) have shown that the non–enzymatic advanced glycation end prod-

ucts (AGEs) accumulate not only with ageing but also due to diabetes. AGEs are

covalent bonds that cross–link the helical domains between adjacent collagen molecules

within a collagen fibril, as have been illustrated earlier in Figure 2.2. Such biomechanical

alterations in collagen fibrils have been associated with mechanical changes at the tissue

level of rat tail tendon and both cortical (Tang et al., 2007) and (Vashishth et al., 2001)

trabecular bone. Recently, Carriero et al. (2012) have measured significant increased

in AGEs from oim bones. Although, direct measurements of the AGEs from oim col-

lagen samples in mice tail tendons are currently lacking, a similar increase in AGEs is

expected. Speculatively, the dramatic increase in indentation modulus in oim collagen

fibrils could be partly associated with biochemical changes.

Another contributing factor in the mechanical aberration observed in oim collagen fib-

rils is the extent of hydration of these fibrils compared to WT ones. Hydration of

collagen fibrils occurs naturally in biological conditions and plays an important role in

the structure rigidity (Mogilner et al., 2002; Shoulders and Raines, 2009) and mechanical

properties of collagen fibrils. During hydration, water is incorporated in the vicinity of

collagen molecules within the collage fibril. It has been suggested, that water specifi-

cally binds the backbone structure and forms bridges in collagen molecules (Bella et al.,

1995). This is achieved by the formation of hydrogen bonds (H–bonds) and hydrogen

bonding networks (Bella et al., 1995, 1994).

H–bonds have been suggested to contribute in the deformation mechanisms and me-

chanical properties of the collagen molecule (Gautieri et al., 2009a). Studies based on

molecular dynamics of collagen have shown that rearrangement and breaking of H–

bonds occurs at low strains under axial deformation resulting in the toe region of the

stress–strain curve (Gautieri et al., 2009a). At higher strains, the backbone structure
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will dominate deformation increasing the slope of the stress–strain curve (Gautieri et al.,

2009a). Experiments have also shown stiffening at both the fibril (van der Rijt et al.,

2006; Yang et al., 2007; Grant et al., 2009) and tissue level of collagen (Pashley et al.,

2003) with dehydration. Changes in the level of hydration of collagen fibrils may affect

the extent of H–bond formation and therefore lead to mechanical impairment.

Results from AFM imaging of collagen fibrils (Figure 5.7) from a dehydrated (air dried)

to a hydrated state in PBS revealed that the oim collagen fibrils swelled (1.6 ± 0.3

fold increase) significantly less (P–value <0.001) compared the WT ones (2.6 ± 0.4 fold

increase) (Figure 5.8).

Decreased swelling could be explained by deficient functional hydration of the oim colla-

gen fibrils. Presumably as a consequence of structural perturbations at the sub–fibrillar

level and increased cross–linking, the lower swelling, i.e. functional hydration deficiency,

in oim could result in rearrangement of hydrogen bonding, as has previously been pro-

posed by Bella et al. (1994). A differential scanning calorimetry conducted by Miles

et al. (2005) suggested that as the extent of collagen cross–linking changes the water

content decreases. As a consequence the mechanical properties are also expected to

change towards increased indentation modulus from our measurements. Less H–bonds

are anticipated to form in oim collagen fibrils, unlike the WT ones. This would pro-

vide dominance to deformation of the backbone structure of collagen molecules during

indentation and one would expect to result in stiffening of the collagen fibrils, which is

supported by our evidence of increased indentation modulus in oim.

5.4.2 Altered hydration level and intermolecular packing in oim col-

lagen fibrils

Previously, stiffening of native collagen fibrils (Grant et al., 2009) and collagen–based

tissues (Pashley et al., 2003; Nalla et al., 2005) has been associated with chemical de-

hydration using polar solvents, such as ethanol. Chemical dehydration with ethanol

displaces the water molecules within the structure of collagen fibrils resulting in rear-

rangement of the H-bonds. The stiffening of collagen–rich tissues has been associated

with increased hydrogen bonding within collagen fibrils (Pashley et al., 2003). This

was justified by the decrease of the inter–molecular lateral spacing resulting in a closest

packing of collagen molecules and hence allowing more H–bonds to be formed. This

suggests that increasing ethanol concentration in the PBS solution would constantly

increase the number of H-bonds within the collagen fibril. Pashley et al. (2003); Nalla

et al. (2005) suggested that increasing the ethanol (or other polar solvents) concentra-

tion in an aqueous solution would indirectly increase the number of H–bonds within the

collagen fibril.
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Figure 5.7: Swelling of collagen fibrils with incorporation of an aqueous solution.
Panels A and B shows AFM height topography images of collagen fibrils from
WT mouse imaged in air and PBS, respectively. Panels C and D shows line
profiles of the cross–section of collagen fibrils originated from male WT and
oim mice, respectively.

oimWT

3.0

2.5

2.0

1.5

1.0

F
o

ld
 in

c
re

a
se

 in
 fi

b
ri
l h

e
ig

h
t

Figure 5.8: Fold increase in height of WT and oim male collagen fibrils. The
height of WT collagen fibrils increased in by (2.6 ± 0.4) times whereas the
height of oim collagen fibrils increased only by (1.6 ± 0.3) times.

Considering the above proposed effect of ethanol, our results (Figure 5.6) suggest that
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less H–bonds would form in oim collagen fibrils compared to WT ones, with increasing

the ethanol concentration. The lower indentation modulus of oim collagen fibrils at

100% EtOH, compared the WT one, suggest that the fibrillar structure is disturbed

inhibiting formation of H–bonds.

Additionally, the oim collagen molecule has larger and more kink formations (Chang

et al., 2012). These authors suggested that the packing of oim collagen molecules into

fibrils could be impaired due to kink formations. Miles et al. (2002) estimated a 7%

increase in the intermolecular lateral distance. By assuming a triclinic unit cell for the

unit cell volume of the collagen fibril, as suggested by Orgel et al. (2006), the dried

oim microfibril has 14% decreased volume due to the increase in intermolecular lateral

distance (Markus Buehler and Shu–Wei Chang, personal communication). Undoubtedly,

changes in the packing of collagen molecule could result in changes of the density of the

collagen fibrils which is here reflected as alterations in the indentation modulus.

5.5 Conclusions

In this study, results on the mechanical and structural abnormalities at the fibril level

of collagen using AFM cantilever–based nanoindentation and molecular dynamics were

presented. These results show how defects at the molecular level of collagen results in

changes of collagen mechanics at the fibril level. Experimentally oim collagen fibrils are

stiffer in physiological solution. Additionally, it appears that oim collagen fibrils do not

swell as much as the WT ones when going from air dried state to a hydrated state with

PBS. Although the mechanism is not fully understood, results from another study (Car-

riero et al., 2012) suggests that the difference in hydration behaviour of oim collagen

fibrils is likely due to a significant increase in AGEs crosslinks compared to WT collagen.

This hypothesis is further supported by evidence of decreasing volume fraction of water

with increasing cross–linking in collagen (Miles et al., 2005). Decreased swelling could be

associated with less functionally hydrated fibrils resulting in higher indentation modu-

lus. Results of indentation modulus at the fully dehydrated state suggested that the oim

collagen fibrils are less dense. This is supported by the computational model suggest-

ing increased inter–axial distance between the collagen molecules. Miles et al. (2002)

have previously proposed an increase in inter–molecular distance in the oim collagen

fibrils based on their findings showing increase volume fraction of water. Experimen-

tal findings from this study showed how biological important changes in the structure

at the molecular level of collagen affect the mechanical competence of the fibrils at the

hydrated state. Additionally, this study results link experimental and computation find-

ings complementing on the relationship of structure–mechanical properties which was

evident at the fully dehydrated state. A possible explanation of the increased brittleness

of oim mouse bone from the results presented here would be that the histochemistry

of oim type I collagen is changed, such that the deformation mechanisms present in
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healthy type I collagen are no longer present in the oim collagen. As a consequence

the ductility of fibrils is expected to be reduced and one would expect this to lead to

more brittle behavior of the biocomposite bone as a whole. Further application of AFM

cantilever–based nanoindentation can lead to cataloguing different pathological collagen

phenotypes and their correlated mechanical properties as well as associated mechanical

impairment.





Chapter 6

Effect of biochemistry on the

nanoelasticity of collagen fibrils

assessed by AFM

6.1 Background

Collagen is the most abundant structural protein in the human body. It composes the

majority of the extracellular matrix of both hard and soft tissue such as bone, skin, the

respiratory system, tendons and cartilage. Biomechanically speaking, collagen is one of

the most important proteins. As mentioned in chapter 5, collagen biochemistry changes

over the life–course and such changes have been associated with mechanical alterations at

the tissue level. Although, tissue mechanics have been linked with biochemical changes

of collagen they have not directly been linked with changes at the fibril level of collagen.

Additionally, to the best of our knowledge little is known about how the biochemistry

affects the mechanical properties at the level of the basic structural element, i.e. the

individual collagen fibril.

As described in chapter 2, there are two types of collagen cross–links depending on the

formation pathway; the enzymatic and non–enzymatic ones. During fibril formation,

the collagen molecules are staggered to form a cylindrical structure which is rigidified by

immature enzymatic cross–links (Eyre and Wu, 2005). The immature cross–links inter–

connect the telopeptide of one collagen molecule to the helical domain of an adjacent

one (Reiser et al., 1992). Over time the immature divalent cross–link undergoes chem-

ical reformation resulting in a mature trivalent cross-links which now inter–connects a

third molecule (Bailey, 2001; Avery and Bailey, 2008). During ageing, non–enzymatic

glycation takes place resulting in the formation of glucose–mediated cross–links which

accumulate in the vicinity of the helical domains between adjacent collagen molecules.

These three different cross–are graphically summarized in chapter 2, 2.2.
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Although there are biochemical changes in collagen fibrils with time, such changes may

also be present in disease. For example, the airways in patients suffering from chronic

asthma are characterized by chronic inflammation and, collagen accumulation leading

to airway obstruction that fluctuates over time (Holgate et al., 2010). One of the main

features of asthma is airway wall thickening due to subepithelial fibrosis, i.e. accumu-

lation of collagen in the submucosa. Subepithelial fibrosis has been associated with

disease severity and negatively correlated with FEV1% (Force Expiratory Volume at

first second) (Chetta et al., 1997; Bradding et al., 1997). It becomes clear that the

structural changes of collagen–tissue morphology in the airways of severe asthmatic

may be associated with mechanical dis–functionality. Another characteristic feature of

asthma is airway hyperresponsiveness (AHR is defined as a sudden constriction of the

airway smooth muscles surrounding the bonchioles). Studies that have associated the

methacholine sensiticity with the extent of subepithelial fibrosis (Boulet et al., 1995;

Hoshino et al., 1998) converge to the hypothesis that there is also a direct association

of the smooth muscle behaviour with the quality of their environment. In fact, a study

by Chu et al. (1998) showed that collagen deposition was not indicative for distinc-

tion between mild and severe asthmatics. Al the above composes the complexity of the

development of asthma and lead to the hypothesis that there well may be changes in

the biochemistry–mechanics relationship apart from the structure–mechanics in collagen

fibrils.

To test this hypothesis we have measured the indentation modulus of collage–rich tissue

from three bronchial biopsies that were matched with an non–parallel immunohistochem-

istry study which provided measurements of the immature to mature cross–link ratio,

indicative of the prevalent cross–link from the given samples. To test the hypothesis

that accumulation of AGEs lead to an increase in the indentation modulus of collagen

fibrils, we treated sections of mouse tail tendon with ribose for three (3) and five (5)

days. We have additionally compare indentation modulus results of individual collagen

fibrils from healthy and chronic asthmatic subjects.

6.2 Materials and Methods

6.2.1 Isolation of collagen fibrils from human bronchial biopsies

Collagen fibrils were isolated as described in 4.2.1.2. Briefly, the biopsies were incubated

in separate wells for 24 hours into 0.1M Sorensens phosphate buffer (pH 7.2) containing

1 mg/ml bovine hyaluronidase and 1 mg/ml trypsin. After incubation, samples were

washed with deionized water (Millipore) then placed and smeared out on glass slides to

reveal areas with individual fibrils. All biological products were left in an incubator to

dry at 37oC overnight after deposition on the glass slides and then kept in a storage box
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with silica gels. Sample preparation from human bronchial biopsies was performed by

Ms Wiparat Manuyakorn1.

6.2.2 Ribose treatment

Sample preparation and treatment with ribose were performed by Dr. David Smart1.

Collagen strands were collected from mouse tail tendon sections using needle forceps

and placed in Hank’s Balanced Salt Solution (HBSS) containing 30mM HEPES, pH

7.4 and a broad spectrum protease inhibitor cocktail. Non–enzymatic glycosylation was

mimicked in half the samples by the addition of 0.6M Ribose to HBSS. Both groups were

incubated at 37oC with the solutions and protease inhibitors being replaced every 1 to

2 days over the time course of the experiment. Samples were harvested from both the

Ribose and Ribose free HBSS at each time point. To expose individual fibrils, the larger

fibres were placed onto poly–l–lysine coated glass slides and separated using the points

of two scalpels. The samples were then air dried before washing in ultrapure water and

air dried prior to atomic force microscopy (AFM) experiments.

6.2.3 AFM imaging and cantilever–based nanoindentation

AFM experiments were carried out in a temperature – (20.7 ± 0.7) oC – and humidity –

(47.9 ± 6.7) % – controlled room using the MFP–3D atomic force microscope (Asylum

Research, Santa Barbara, CA, USA). Images of individual collagen fibrils were obtained

in tapping mode at about 1 Hz scanning rate.

For nanoindentation tests on collagen fibrils from human bronchial biopsies the AC200

cantilevers with spring constant of (8.3 ± 1.8) N/m with about 7 nm tip radius (AC200,

Olympus) were employed. For testing the murine collagen fibrils the NSC cantilever

with (49.6 ± 7.4) N/m spring constant and 10 nm tip radius (MicroMasch) were used.

Nanoindentation experiments were carried out under force control at 30 nN and 200

nN maximum load for human and murine collagen fibrils, respectively. Force Volume

(FV) maps were recorded on collagen–rich areas from three biopsies, as illustrated in

Figure 6.1. To determine the spring constant of each AFM cantilever the thermal noise

method was employed as proposed by Sader et al. (1999).

6.2.4 Statistics

Statistical analysis was performed in Minitab 16.2.4. A two–sample t–test was per-

formed to test differences between asthmatics and healthy groups. To test normality

1The Brooke Laboratories, Clinical and Experimental Sciences, Division of Infection, Inflammation
and Immunity, University of Southampton, Faculty of Medicine, Southampton, UK.
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Figure 6.1: Panels A and B show the AFM height and amplitude images of a
2µ × 2µm area of a dried bronchial biopsy respectively. Panel C corresponds
to the force volume map of that area.

the Kolmogorov–Smirnov test was performed. To correct for unequal variance among

the data, transformations were applied appropriately such as the normal logarithm. The

generalized linear model (GLM) was performed to test differences indentation modulus

of collagen fibrils from asthmatics and healthy individuals. Results were considered to

be significant for P–value <0.05. Unless otherwise specified, data are presented as mean

± standard deviation.

6.3 Results

6.3.1 Effect of enzymatic cross–links

Results from the nanomechanical evaluation of collagen fibril sections, as presented in

Figure 6.2, suggested a trend of decreasing indentation modulus with predominance of

the immature divalent cross–links, from measurements of immature to mature aldimine

ratio. For about equal amount of immature and mature aldimine cross–links (ratio
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=1.09) the indentation modulus was found to be 3.42 GPa (95% CI:3.45 to 3.38 GPa),

for ratio=2.51 the indentation modulus decreased slightly to 3.04 GPa (95% CI:3.18 to

3.00 GPa) while there was a greater decrease down to 2.20 GPa (95% CI:2.23 to 2.18

GPa) for ratio=3.37.
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Figure 6.2: Panel A shows an AFM height image of a collagen tissue section
from a bronchial biopsy. The inset in panel A shows the corresponding AFM
amplitude image. Panel B shows two force–indentation curves retrieved from the
area shown in panels A and B. The blue solid curve was collected by indenting
the crest of a collagen fibrils by point–and–shoot operation. The black solid
curve corresponds to a force–indentation curve which corresponds to the mean
indentation modulus value of this area. Finally the indentation modulus is
plotted against the immature to mature aldimine ratio for these specific biopsies.

6.3.2 Effect of non–enzymatic cross–links

Significant differences (P–value <0.001) were observed between the indentation modulus

of ribose treated collagen fibrils compared to the ones incubated in ribose free (HBSS)

and the control sample. More specifically, the indentation modulus of collagen fibrils

increased to (10.2 ± 1.8) GPa and to (15.8 ± 0.7) GPa after 3 and 5 days of incubation
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in solution with ribose, respectively. Interestingly, there was also an increased observed

in collagen fibrils incubated in HBSS – (4.6 ± 0.6) GPa – compared the control sample

– (2.6 ± 0.2). Results are presented below in Figure 6.3.
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Figure 6.3: Indentation modulus increased up to about 500% from control to
five days of treatment in ribose solution. There is also a marked increase (of
about 85%) in indentation modulus of collagen fibrils incubated in the ribose
free solution (HBSS, Hank’s Balanced Salt Solution).

E (GPa)

Time (days) 0 3 5

Control 2.6 (0.2) n/a n/a
Hank’s buffer n/a 4.6 (0.6) 4.8 (0.1)
Ribose n/a 10.2 (1.8) 15.8 (0.7)

Table 6.1: Comparison of indentation modulus of collagen fibrils incubated in
ribose, Hank’s buffer (ribose free) with the one from control sample. Data are
presented as mean (standard error of the mean).

6.3.3 Close to significant trend of lower indentation modulus in colla-

gen fibrils from asthmatics

The indentation modulus of collagen fibrils from asthmatics was found to exhibit – (0.85

± 0.24) GPa – a trend towards lower values compared to the healthy ones – (1.25 ±
0.36) GPa – but this was just not significant (P–value=0.05). In principle, there is not

enough evidence to conclude that the mean of indentation modulus differ at the 0.05

level of significance between asthmatics and healthy individuals. This is most likely

because of the sample size (n=5 asthmatics and n=7 healthy individuals). The P–value
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may decrease with increasing the sample size resulting in stronger statements regarding

significance of results (personal discussions with statistician).
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Figure 6.4: Box plots of indentation modulus of collagen fibrils from asthmatics
((0.85 ± 0.24) GPa, n=5 individuals) and healthy ((1.25 ± 0.36) GPa, n=7
individual) individuals.

6.4 Discussion

6.4.1 Collagen fibrils mechanics may degrade with predominance of

immature divalent cross–links

Only three from the 20 bronchial biopsies, overlapped by chance with an unparalleled

biochemistry study conducted by collaborators at the University of Aberdeen (Principal

investigator: Prof. Simon Robins). The biochemistry study provided a relative amount

of immature compared to mature aldimine cross–links for each sample. Likely, our AFM

mechanical assessment shows a decreasing trend of indentation modulus as the immature

to mature aldimine ratio increases (Figure 6.2). However, Due to the small sample

size (N=3 biopsies) it cannot be said with certainty that the indentation modulus is

negatively correlated with the immature to mature ratio of the collagen fibrils. However,

these are tantalizing evidence that as the immature cross–links predominate in collagen

fibrls the indentation modulus (i.e. nanoelasticity) decreases.

The inter–molecular distance of collagen within the collagen fibril, is expected to decrease

with subsequent cross–linking (Bailey, 2001; Miles et al., 2005). This is supported by

evidence on the volume fraction of water of artificially cross–linked collagen fibrils (Miles

et al., 2005). This results in more dense fibrils which will become stiffer upon indentation.
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A substantial increase in cross–linking is more defined with accumulation of advanced

glycation end products presented in the next section.

6.4.2 Artificially induced AGEs are directly associated with increased

collagen fibril mechanics

A previous study have shown an increase in AGEs with increasing the time of incubation

(Vashishth et al., 2001) of bone samples. Considering the above, we have clear evidence

that increasing the amount of AGEs directly affects the mechanical behaviour of collagen

fibrils to about 230%. According to Miles et al. (2005) and to the findings presented

in chapter 5, accumulation of AGEs are expected to result in decreased swelling of

these fibrils. One explanation would be that collagen molecules are tightly packed due

to increased AGEs, which inter–connect adjacent molecules. These inter–connections

would not, therefore, allow the fibrils to absorb more water than the ones which are not

cross–linked. As discussed previously, these leads to significant impairment of collagen

fibril hydration which is thought to be important for maintaining the toe region under

deformations at low strains.

Although the difference between the HBSS incubated and control sample was not statis-

tically significant (P–value >0.05) it was approximates to about 85%. Current experi-

mentation cannot justify with certainty the origin of the change. However, it is suspected

that precipitation of minerals during the incubation period may have occurred. Further

experiments on the samples incubated in HBSS need to be conducted to address the

question in regards to what have caused this increase. Alternatively experiments could

be repeated using PBS as a liquid, than HBSS.

6.4.3 The complexity in collagen mechanics in asthma

The difference in indentation modulus observed between asthmatics and healthy in-

dividuals may not be significant but could potentially provide a new hypothesis that

could serve as the basis for further experimentation. This can only be accomplished in

consideration with all the above results from this chapter and chapter 5.

One possible explanation of the decreased indentation modulus in asthmatics could be

predominance of the immature divalent cross–links. However, the biochemistry results

are rather controversial showing a great variability of immature to mature ratio ranging

from less than 1 to about 7 fold difference. This great variability could be explained by

different rates of collagen formation and degradation. Some patients may be character-

ized by increased formation rather than degradation which in the long term result in

collagen fibril deposition and maturation. Hence, low relative amount of immature to

mature cross–linking. Another, however, group of patients may well degrade collagen
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more than they form resulting in higher amount of immature to mature ratio. In other

words, asthmatic individuals may possess different behaviour of collagen turnover. This

hypothesis seeks of further testing which can be accomplished by investigating serum

markers of collagen formation and degradation (Heuck et al., 1997).
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Figure 6.5: Results from an independent immunohistochemistry study. Panels
A and B show an increase in total amount of both collagen types III and I
respectively. Panel C shows the relative amount of collagen I to III. Panel D
shows the relative amount of immature to mature aldimine cross–links.

In addition, the effect of ribose (i.e. glycation–related cross–links related to age of indi-

vidual) on the indentation modulus suggests that collagen fibrils originated from older

individuals would be stiffer. However, the age of healthy individuals ranged between

19 to 23 years old and one individual was 54 years. On the other hand the age of

asthmatic individuals ranged between 33 to 45 years. This suggests more mature and

glycated (AGEs) collagen fibrils i.e. increased indentation modulus to be observed in

samples from asthmatic ones. However, this was not the case for indentation modulus

as we rather observed a decrease in asthmatics (Figure 6.4). Currently, we do not hold

information about the amount of AGEs. However, the biochemistry study (conducted

unparalleled to the atomic force microscopy study by Prof. Simon Robins) suggested a

great variability in the immature to mature aldimine ratio (Figure 6.5). Results from

the biochemistry study also showed an increase in total amount of both collagen types

III (Panel A in Figure 6.5) and I (Panel B in Figure 6.5) and a trend of increasing type

III collagen relatively to collagen type I. This study however has experimental limita-

tions and doubts exists regarding the measurements of total amount of collagen (results

shown in panels A–C in Figure 6.5).
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Perhaps the most intriguing result is the obvious increased variability of immature to

mature aldimine ratio in patients with severe asthma. A number of biopsies were char-

acterized by larger amount of mature aldimine cross–links (Ratio <1, red dashed line)

which was also and mainly the case for patients with mild asthma. Additionally another

great amount of biopsies from severe asthmatic patients were characterized by increased

amount of immature cross–links ranging from 2 to 8 fold difference. The drawback here

is that only three biopsies measured with AFM overlapped with immunohistochemistry

data and results are shown above in Figure 6.2. Further limitations exist in current

measurements of the total and relative amount of collagen because they are based in

area estimations stained with antigens for collagen types I and III. This means that,

although the technique is accepted, it only provides with the amount of collagen types

on the surface of the biopsy. This could be solved by performing truly quantitative

assays, e.g. Western Blotting, which provides a better estimation of the relative amount

of proteins in the biopsy.

6.5 Conclusions

Here we have presented results from AFM nanomechanical investigations on collagen

fibrils originated from bronchical biopsies from asthmatics and healthy individuals. Our

results suggested a decreasing trend of indentation modulus with increasing the amount

of immature cross–links. Further we observed a trend towards decreased indentation

modulus in collagen fibrils obtained from asthmatic bronchial biopsies, however, this was

close to significant (P–value=0.05). The origin of collagen fibril mechanics in asthma

are difficult to elucidate with the current results. However, a number of studies will

be carried out from collaborators to help us understand these changes. Unfortunately,

the biochemistry study was conducted unparalleled for the majority of the samples

and thus we do cannot investigate further to associating the biochemistry to our AFM

results. Additionally we have tested the hypothesis of increasing indentation modulus

with increasing the AGEs. This study showed a significant increase in indentation

modulus with increasing the incubation time of the sample in ribose solution. Further

experiments are needed to draw conclusions with certainty in regards to the collagen

cross–linking in asthmatics and its association with indentation modulus and mechanical

properties of the airway lumen. Experiments would include truly quantitative assays,

such as Western Blotting, to provide a more reliable measurements of amount of collagen

types present and their relative amount. In addition, bronchial biopsies, which have

been mechanically assessed with AFM cantilever–based nanoindentation, are to be also

assessed for the types and amount of cross–links. Further to AFM experiments, data

retrieved from more patients are analysed which would make clear the significance of

the difference between asthmatics and healthy individuals. Future work is also planned
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to mechanically assess biopsies at the tissue level. tissue mechanical properties are also

to be tested planned to test even more fibrils under physiological conditions.





Chapter 7

Discussion and conclusions

In this chapter the main findings of the PhD thesis are discussed and the current limita-

tions are pointed out. A number of suggestions are presented for optimizing experiments,

analysis methods and testing a number of hypotheses that suggested from the results.

7.1 Thesis outcomes, experimental limitations and future

work

7.1.1 Validation study of nanomechanical assessment of collagen fibrils

with AFM

The validation study showed that the atomic force microscopy cantilever–based nanoin-

dentation can be successfully applied to indent collagen fibrils with diameter of 30 nm.

In addition, the continuous indentation testing with increasing the indentation depth

showed that the 10% Bueckle’s rule should be followed to avoid the effect of substrate on

the measured values of stiffness and indentation modulus. This is important to delivering

reproducible results. Comparing results from AFM–cbN and conventional nanoinden-

tation suggests a good agreement between the two techniques, however, the lack of a

gold standard technique does not enables us to perform a thorough calibration of the

determination of the AFM tip area function. The lack of a gold standard sample raises

a number of limitations when using other polymer samples:

a. Geometrical features such as surface roughness and geometrical shape of the sample

(i.e. cylinder in the case of collagen fibrils) can be responsible for part of the variation

of data. In this sense, topography information could and should also be used to

discriminate and exclude data from analysis optimizing the outcomes.

101
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b. The contact area, between the tip and the sample, depends highly on the tip geometry.

Variations on the assumptions made to estimate the tip geometry can cause changes

in the indentation modulus. This is possibly responsible for the larger effect on the

accuracy of the measurements. We have used a method to reconstruct the tip shape

by imaging a spike and using a deconvolution algorithm (as suggested by Keller and

Franke (1993)) to extract the tip shape. AFM cantilever–based nanoindentation on

polymeric samples with known mechanical properties were tested and indentation

modulus was comparable to the one determined via conventional nanoindentation.

These results also suggest that the reconstruction procedure used to deconvolute the

AFM tip shape provides with rather reliable measurements of the contact area.

c. Determination of the contact depth is essential for optimizing the quantitative char-

acter of AFM cantilever–based nanoindentation. In conventional nanoindentation a

correction factor is used to estimate the contact depth. According to Pharr and Bol-

shakov (2002) the geometric correction factor depends on the “effective shape” of the

indenter and can be demonstrated as a function of the exponent value, n, of Equa-

tion 3.7 (power law function used to fit the unloading part of the force–indentation

curve) (Oliver and Pharr, 2004). Introducing the value to our analysis we expect a

relative increase of the indentation modulus. An ideal optimization would be to de-

termine the correction factor specifically for each analysed force–displacement curves

which is characterized by a certain exponent value, n (dimensionless) by (Pharr and

Bolshakov, 2002):

ε = n

1−
2Γ
(

n
2(n−1)

)
√
πΓ
(

1
2(n−1)

) (n− 1)

 (7.1)

where Γ is the the “gamma” function.

d. The analysis method used can also affect the resulting indentation modulus. Several

analysis methods exist to analyse data from nanoindentation tests. Assumptions

amongst the various methods differ and in consequence the resulting indentation

modulus values often differ as well. One particular analysis method must be selected

to analyse all data for meaningful comparisons. Experimenters are also urged to

compare their values with literature only if the same analysis methods have been

used. Also experimentation and analysis methods should be described in detail to

allow cross–comparison of results obtained by different groups and different studies.

e. Beyond the practical limitations in experiments and analysis methods the physic-

ochemical properties of the sample (in our case the collagen fibrils) must also be

considered. The type and amount of inter–molecular cross–links seems to be deter-

minant of collagen fibril nanoelasticity.
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Although there are limitations associated with the small size of the AFM tip and the

nanoscale structural inhomogeneity of the tested sample, the technique can deliver im-

portant information about the elastic properties at the nanoscale.

7.1.2 Altered structure–mechanical relationship of collagen fibrils from

the oim mouse model

The validation study enabled us to apply the technique in the oim mouse model, which

is known to produce structurally abnormal collagen molecules and most probably fibrils.

The indentation modulus of hydrated oim collagen fibrils was significantly higher than

that of WT collagen fibrils. In addition, the oim collagen fibrils swelled less compared

to WT ones. The decreased swelling suggest lower hydration level of oim collagen fibrils

which explains the increased indentation modulus. Recently, Carriero et al. (2012) have

observed increased AGEs (advance glycation end products) in oim bones. Miles et al.

(2005) have associated the water content in collagen with increased cross–linking. How-

ever, Miles et al. (2002) have found increased water content in the oim collagen fibrils,

which fails to explain the decreased swelling observed in this study. The controversy

between high water content (Miles et al., 2002) and low swelling in oim (present study)

could be explained by increased lateral spacing within the oim collagen fibrils. When

fibrils were immersed in pure ethanol solution, the indentation modulus of oim collagen

fibrils was significantly lower than that of WT ones. This suggests that oim collagen

fibrils have lower density. Chang et al. (2012) have shown structural alterations in the

oim collagen molecule, and further suggested lower packing of collagen molecules into

fibrils.

The WT collagen molecules are more tightly packed into collagen fibrils compared to

the oim collagen molecules, due to local kink formations (Chang et al. (2012), results

from dehydrated collagen fibril from current study). Upon hydration, water molecules

binds the structure forming bridges that inter-connect collagen molecules. This func-

tional water causes substantial swelling to the WT fibril. However, we anticipate that

water molecules will not be able to form these bridges at the locations with local kink

formations because of increased inter-molecular lateral distance. In other words, larger

amount of water would be needed to feel the gaps in oim collagen fibrils, explaining the

increased water content, without contributing to functional hydration.

The results from this study have associated structural changes of collagen molecules

to their altered mechanical properties. This provides further understanding of how

important the structural integrity is for the improved mechanical function of collagen

fibrils and thereafter collagen–rich tissues. Further, to understanding the structure–

mechanical function of collagen fibrils, the study confirmed our hypothesis to employ

the AFM–cbN for investigating changes in the mechanical properties of collagen fibrils.
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Figure 7.1: Swelling in oim collagen fibrils is hindered because of increased
cross–linking and because of deficient functional hydration. The latter case is
expected to be a result of higher inter–molecular lateral distance in oim collagen
fibrils.

As a result, the technique can be applied to a number of other collagen–related diseases,

and further provide better understanding of the effect of cross–linking on the mechanical

properties of collagen fibrils.

7.1.3 The amount and type of cross–linking are strong determionants

of collagen fibril mechanics

Whilst the immature to mature aldimine cross–linking ratio increase there was a trend

towards lower indentation modulus. Incubating collagen–rich sample in ribose solution

increase the amount of AGEs in collagen fibrils. (Vashishth et al., 2001). The indentation

modulus increased with the duration of incubation. Extensive cross–linking is known to

reduce hydration of the collagen fibrils (Miles et al., 2005) which will also have substantial

effects in the mechanics at physiological conditions.

Chemically treated collagen fibrils were tested in air dried conditions. This is the main

limitation of the study, because it cannot deliver information regarding the hydration.

However, these findings lead to the hypothesis of increased density of collagen fibril with

increased cross–linking.

In summary, both the type and amount of cross–linking influences the indentation mod-

ulus of collagen fibrils. It is suggested that the presence of more immature collagen

fibrils, compared to the amount of mature cross–links, would allow more hydration since

the fibril is less cross–linked, i.e. less bridges are present that inter–connect collagen

molecules. These results could potentially be beneficial to validate molecular dynamics
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simulations and potentially be used as predictive tools to assess the mechanical proper-

ties of collagen fibrils by only knowing their chemical state.

7.1.4 Nanomechanical alterations in asthmatic biopsies at the fibril

level of collagen

According to the concept of mechanical implications in chronic asthma collagen fibrils

from bronchial biopsies of asthmatics were tested and compared to healthy ones. This

revealed a lower indentation modulus in collagen fibrils from asthmatics compare to

healthy subjects. This may be explained by the biochemistry of collagen cross–links in

asthmatics. The immunohistochemistry study conducted unparalleled (by Prof. Simon

Robins and co–workers) presented in this thesis has shown increased amounts of collagen

deposited in the submucosa (subepithelial layer) of asthmatic patients. In addition, a

number of bronchial biopsies from asthmatics were characterized by immature collagen

fibrils. These results suggested a large variation of relative amount of immature to

mature cross–links between asthmatic patients. Based on the cross–linking study, a

decrease in indentation modulus with increasing the ratio immature to mature cross–

links, was anticipated.

Conclusions regarding the effect of cross–linking can be drawn only for specific biopsies

tested, because the available immunohistochemistry data overlapped only with three of

the biopsies at hand. For these biopsies, we observed a trend towards a decrease in

indentation modulus whilst the immature cross–links predominate. This shows

Further studies are to be developed to assess the mechanical properties of bronchial

airway to better understand the mechanical implications in asthma and perhaps other

pulmonary diseases with altered tissue remodelling.

a. Analysis of further data to confirm the effect changes in asthma on the indentation

modulus of collagen fibrils.

b. Experiments to test the hypothesis of increased variation of indentation modulus

within individual donors. This hypothesis is based on the accumulation and increased

turn over of collagen fibrils in asthmatics. To test this hypothesis the tested collagen

fibrils from each donor should be increased to at least 10 per sample.

c. Experiments to elucidate the tissue level mechanics. Such experiments can be ac-

complished by performing similar nanoindentation tests with an AFM cantilever. In

this case, however, glass microspheres are firmly attached at the edge of an AFM.

The diameter of the microspheres could range from 5µm – to 50µm, as shown in

Figure 7.2. The microsphere are then used to indent the surface of the sample up to

about 200 nm indentation depths. We have validated the technique by testing mouse
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lung tissue sections from parenchyma at fully hydrated state incubated in PBS solu-

tion. From such experiments we could map the indentation modulus over the tested

area, as shown below in Figure 7.3, and also provide quantitative results linking the

percentage of surface with a particular range of indentation modulus. Unfortunately

it was not possible in the course of the PhD project to obtain human biopsy samples

prepared for these experiments.

500 μm

Epoxy
droplet

Cantilever

Glass slide 2

Lever
Glass microspheres

Glass slide 1

Lever
Εpoxy droplet

25 μm

Epoxy 
droplet

Sphere

Lever

100 μm

Β

C

Α

20 μm

100 μm

D

E

Figure 7.2: (A) Schematic of (B) Optical microscope image of an epoxy droplet
on a glass slide and a V–shaped cantilever. (C) Optical microscope image of
rectangular lever and the borosilicate glass microspheres (native sphere and
aggregates) of 15 µm diameter. (D,E) SEM images of the AIO–TL cantilevers
with a 5 µm and a 50 µm sphere attached.

7.2 Conclusion

The aim of the thesis was to investigate potential changes in the mechanical properties of

collagen fibrils in osteogenesis imperfecta and asthma and the association of the changes

to structural and cross–linking alterations.

To mechanically assess collagen fibrils in a reproducible fashion, the AFM–cantilever

based nanoindentation (AFM–cbN) was validated and applied to samples of interest.

The validation of AFM–cbN was performed by comparing results with a well established

technique, conventional nanoindentation, to test the reliability of the determination of

the AFM tip area function.

Results from the validation study showed that AFM–cbN can be used to assess dif-

ferences in the mechanical properties between to polymeric samples, PMMA and PP.
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Figure 7.3: (Panel A) Optical microscope image showing the mouse lung tis-
sue section (highlighted with yellow colour) and the V–shaped AFM cantilever
(PNP–TR, k = 0.07 N/m, Rsphere = 5µm, MicroMasch). (Panel B) Map of the
indentation modulus over a 50µ × 50µm area.

Further, the reproducibility of AFM–cbN is ensured if the 10% Bueckle’s rule is followed

when assessing the mechanical properties of collagen fibrils. Even though the lack of a

gold standard method to determine the AFM tip area function did not allow for a full

calibration of AFM–cbN, results are comparable between the two techniques.

Results from AFM imaging and cantilever–based nanoindentation on oim collagen fib-

rils suggested the association of structural changes of oim collagen molecules with the

altered indentation modulus of oim collagen fibrils. Currently, changes in the inden-

tation modulus can potentially be associated with structural changes at the fibril level

based on the microfibril model (Orgel et al., 2006) of collagen structure. Beyond the

effect of structural changes, the indentation modulus of oim collagen fibrils could also be

increased as a result of increased amount of cross–linking (Carriero et al., 2012). This hy-

pothesis was corroborated by the increased indentation modulus of collagen fibrils with

chemically induced cross–link (AGEs: advanced glycation end products). Additionally,

the increased cross–linking has been shown to reduce the hydration of collagen fibrils

(Miles et al., 2005), which could further explain the increased stiffness and indentation

modulus at the fibril level. The structural, cross–linking and hydration alterations are

believed to decrease the ductility at the fibril, tissue level of collagen and bone.

Furthermore, the type of cross–linking influenced the indentation modulus of collagen

fibrils. This was evident by comparing results between healthy and asthmatic indi-

viduals, and confirmed by analysing the biochemical assays provided by collaborators.

These findings suggested a trend towards lower indentation modulus with increasing the

immature to mature cross–linking ratio. Additional factors could be responsible for me-

chanical changes between healthy and asthmatics. The amount of collagen types I and
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III, the abundant collagen types found in the submucosa. It is suggested that the diame-

ter of type I collagen fibrils is decreased with increasing the amount of collagen type III.

The biochemistry data suggested a trend towards lower amount of type III collagen in

asthmatics. A possible decreased fibril diameter in asthmatics would result in changing

the density of the subepithelial layer of the airways and hence the indentation modulus

at the tissue level. While it is important to recognize that this work helps to under-

stand the structure–mechanical relationship of collagen fibrils in health and pathology,

it is also important to acknowledge that there remains work to be carried out, for pro-

viding improved insight on the effect of the different chemistry of cross–linking on the

mechanical properties of collagen fibrils.

In summary, this thesis achieved to show the structure–mechanical function of collagen

fibrils from oim mouse. It was also shown that the amount and type of cross–linking

influences the mechanical properties of collagen fibrils. These results enhance our un-

derstanding of the effect of structural and cross–linking changes on the mechanical prop-

erties of collagen fibrils.

Application of atomic force microscopy cantilever–based nanoindentation for assessing

the nanoscale mechanics of collagen fibrils could potentially be used in collaboration

with computational simulations (in silico) to corroborate results from the later studies.

With a fruitful collaboration of experimental and in silico studies the results could be

used as a predictive tool to assess nanomechanical changes as a result of both structural

and cross–linking alterations. Ultimately, it is anticipated that the use AFM–cbN from

engineers in collaboration with the medical researchers in academia and industry could

lead to the development of diagnostic tools for collagen–related pathologies.



Appendix A

Collagen surface roughness

The surface of collagen fibrils is characterized by convex (peak regions) and concave

(trough regions) features, as shown in Figure A.1. Peak to trough distance is about 3

nm. To provide a scale perspective of the contact at these areas, the radius of curvature

was determined. For calculations of the radius of curvature refer to Appendix B. The

radius of curvature of the convex feature of collagen (RCX ; Figure A.1) was calculated,

from Equation B.2, to be about 135 nm. This was about 10–fold larger than the AFM

tip radius (≈10 nm). Such a large difference has negligible effects on the tip–collagen

contact, when assuming the sample surface to be flat. However, the radius of curvature

of the concave features (RCV ; Figure A.1) was ≈20 nm, comparative in size with the

AFM tip. This would result in a rather larger contact surface than the calculated one

resulting in a systematic overestimation of the measured indentation modulus.

Shallow indentations of the AFM tip on the convex and concave asperities would result

in different contact cases, as illustrated in Figure A.1. The slope between the trough

and peak features of collagen could also be a factor for the variation of the data at low

indentation depths. The steepest slope was calculated to be 20%. In a similar manner,

the contact would be altered at these regions as well as the resulting force-indentation

curve leading to systematic errors in calculated indentation modulus values.
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Figure A.1: Contact between the topographical features of collagen surface with
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Appendix B

Determination of radius of

curvature

Indentation data analysis often assumes a standard tip shape such as a cone with a

standard opening angle (2θ) and spherical tip radius (Rtip). In this study we have

calculated the tip radius of curvature from the reconstructed tip geometry shown in

Figure B.1. The two principal profiles were fitted with a polynomial function:

y(x) = a+ bx+ cx2 + dx3 (B.1)

The radius of curvature from each profile was then determined by:

R(x) =

(
1 +

(
∂y
∂x

)2)3/2

Abs
[
∂2y
∂x2

] (B.2)

where y is the polynomial function.

Finally the average radius of curvature is determined by combining the two principal

radii:

Ravg(x) = 2

(
1

R1
+

1

R2

)−1

(B.3)
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