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Ultrastructure and Mechanical changes in multi-scale of 

Sclera following Proteoglycan Depletion 

Author: Zhuola 

The sclera is the dense outer coating of the eye which provides the structural 

framework that defines the shape of the eye. It is mainly composed of collagen, 

elastin and interfibrillar proteoglycans.  The mechanical properties the sclera have a 

major impact on healthy function of the eye and are governed by the properties and 

composition of the microstructural components. For example, biomechanical 

degradation associated with glaucomatous and myopia occurs alongside a reduction 

of proteoglycans. The contribution of proteoglycan to the mechanical behaviour of 

posterior sclera has been studied before. However the distribution of proteoglycan 

various greatly through all regions of the sclera and the mechanical role of 

proteoglycan in all scleral region has never been studied.  Therefore, this work aims 

to investigate the contributions of proteoglycan to the structure and mechanical 

properties of all regions of the sclera, as well as their possible mechanical role in 

occurs pathology like myopia. 

In this study, the role of proteoglycan degradation on the tissue ultrastructure, nano- 

and micromechanical properties of the porcine sclera is studied by several techniques. 

In vitro enzymatic degradation of proteoglycans was conducted with α-amylase and 

chondroitinase ABC enzymes. Proteoglycans depleted by the enzymes were 

characterized by glycosaminoglycan content measurement and proteoglycan protein 

expression. Collagen fibril morphology and nanomechanical stiffness pre and post 
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enzymes were measured with atomic force microscopy. And the scleral 

micromechanical properties were measured by nanoindentation technique.   

DMMB assays indicated that sGAG content was reduced after α-amylase and 

chondroitinase treatment. And significant variations were found in the scleral protein 

analyse pattern incubated with both enzymes. These results indicated that both 

enzymes could cause proteoglycan depletion in the sclera tissue. Scleral topography 

by AFM results shows that proteoglycan depletion will lead to a reduction of 

collagen fibrils size, however not affect the collagen fibril D-periodicity. The 

mechanical results by AFM and nanoindentation show that proteoglycan depletion 

leads to significant reduction in both nanoscale and microscale mechanical properties 

of the sclera. However, there are regional differences in both structure and 

mechanical proteoglycan between results treated with amylase and chondroitinase. 
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Chapter 1: Introduction  

1.1 Background  

Myopia, or short-sightedness, is the most common eye disorder that cause distant 

objects to appear blurred, while close objects can be seen clearly. Preliminary 

projections from the World Health Organization (WHO) based on prevalence data 

indicated that myopia will affect 52% of the world’s population by 2050(Murienne et 

al., 2015). One of the potentially blinding ocular diseases associated with myopia is 

glaucoma. The mechanical stresses induced by increased axial length of the globe 

and oxidative stress are implicated in the development of glaucoma in myopic 

eyes(Marcus et al., 2011). Glaucoma is an optic neuropathy that causes progressive, 

irreversible visual field loss and is the second leading cause of blindness(Murienne et 

al., 2016). 

The sclera is the main load-bearing structure of the eye. It resists intraocular pressure 

(IOP) and external forces. The sclera maintains the shape of the eye and protects the 

more delicate intraocular structures such as the retina and choroid. The mechanical 

properties of the sclera have been suggested to play a vital role in the initiation and 

development of glaucoma and myopia. Mechanical changes in the sclera can 

significantly influence susceptibility to development of these diseases even at normal 

IOP. Understanding how the components of the sclera contribute to its mechanical 

properties is crucial for understanding the role of these components in the 

pathophysiology of myopia and glaucoma. In turn, this could lead to the 

development of new treatments in the long-term. Although the main role of collagen 

in the biomechanics of biological tissue is known, the role of proteoglycan variation 

through the whole sclera has yet to be studied. Furthermore, the pathological changes 
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in scleral glycosaminoglycan (GAG) content along with mechanical properties have 

been observed independently in aged, glaucoma, and myopic eyes. (Norton and Rada, 

1995, Rada et al., 2015, Knepper et al., 1996) However, the impact of GAG content 

variation in mechanics and tissue structures in all scleral regions has not been 

determined.   

The triggering of specific structural and mechanical changes is beneficial for specific 

diseases such as glaucoma or myopia. This could represent the next generation of 

eye treatments in an effort to avoid surgical interventions. Currently, most studies of 

the function of scleral proteoglycan are a focus on the posterior region and few have 

studied the contribution of proteoglycan in mechanical behaviour of whole sclera.  

The alteration in posterior sclera shape is caused by the difference in regional 

mechanical response to pressure, and there is also regional variation in proteoglycan 

distribution. Thus, it is necessary to study the structure and mechanical role of 

proteoglycan in the whole sclera to fill the gap.  

1.2 Aims and Objectives  

The main goal of this study is to investigate the contribution of sulphated 

proteoglycans to the tissue structure and corresponding mechanical properties of all 

regions of sclera using experimental approaches. This work aims to investigate 

porcine sclera as a model of human sclera for tissue structure and mechanical 

properties changes following proteoglycan depletion in scleral anterior, equatorial 

and posterior regions. This aim required the following objectives to be accomplished:  

 The first objective of this study was to characterise the effect of enzymatic 

degradation using chondroitinase ABC and α-amylase on scleral 
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proteoglycans across the three different regions. These two enzymes have 

been used previously for scleral proteoglycan depletion in mechanical studies.  

 The second objective was to characterise the effect of proteoglycan depletion 

by the same enzymes on the sclera nanostructure focussing on collagen fibrils, 

across the three different regions.  

 The final objective was to characterise the effect of proteoglycan depletion 

on sclera the mechanical properties across all three regions focussing on the 

nanometer and micrometre scale.  

1.2 Layout of the thesis  

In addition to this introduction, this thesis is composed of seven chapters, the 

contents of which are summarised below.  

Chapter 2 provides background information on sclera topography and composition 

relevant to this study. A brief description on sclera in ageing and disease is provided, 

followed by a review of the literature in both scleral structure and studies of 

mechanical properties.  

In Chapter 3, scleral sGAG content in all three regions was determined in this 

chapter using the DMMB assay and the proteoglycan protein expression was 

observed from in-gel Coomassie blue staining.  The aim of this chapter is to provide 

a better understanding of the effect of these two enzymes on scleral regions, 

especially the effect of α-amylase on scleral proteoglycans. 

Chapter 4 explores the nanostructure (diameter, D-periodicity, and gap zone depth) 

of scleral collagen fibrils as captured by atomic force microscopy (AFM). The 
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scleral collagen fibrils nanostructure parameters were analyzed from AFM images 

with image analyzing software then compared between control and enzymes-treated 

groups. 

Chapters 5 and 6 evaluate the contribution of proteoglycans to the mechanical 

behaviour of the three regions in the porcine sclera. To determine the mechanical 

properties of the sclera, properties including surface elasticity and adhesion. Due to 

the multiscale organisation of biological tissues like the sclera, the mechanical 

response can vary according to different length-scale observations. The sclera tissue 

were tested with AFM in liquid in Chapter 5 to measure tissue fibril mechanical 

properties at the nano-level. The testing in this chapter was performed under the 

same room temperature and with the same spatial resolution as in Chapter 4. Also 

the same enzyme groups and incubation durations were used in this chapter in order 

to have consistent result with Chapter 4. Scleral matrix mechanical properties were 

measured at a microscale with a nanoindentation technique in Chapter 6, under the 

same room temperature with the same enzymes and for the same incubation 

durations. The results of mechanical properties were compared between control and 

enzyme-treated groups. 

Chapter 7 summarises and discusses the key results from this study. Chapter 8 

concludes the findings and highlights the main limitations of this work, and closes 

with future research perspectives.  

The appendix contains further details on the experimental procedures and designs, as 

well as the coding for image processing and data analysing methods using MATLAB 

and Image SXM.  
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Chapter 2: Literature Review  

2.1 Introduction 

The eye is the organ of sight that transforms light signals into electrical 

signals. These signals are then transmitted to the brain, where they are 

interpreted to form an image. For an object within human eyesight, the light 

reflected from the object travels in the eye, goes through the cornea, and its 

angle is changed by the lens and focused onto the retina (Figure 2.1). To 

adapt for object distance, the ocular lens adjusts its curvature, bending the 

light rays to a precise length. Failure to focus light waves on the retinal 

surface could result in blurred vision. Object information is first encoded into 

electrical signals by specialised photoreceptor cells in the retina, before the 

signals are transmitted to the retinal ganglion cells (RGCs) whose axons exit 

the eye through the optic nerve head (ONH) to transmit the electrical signal 

to the brain.  

 

Figure 2.1 Schematic of the human eye and path of light rays. The light signal passes 

through the cornea and changes direction via the lens to focus on the retina where the 
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light signal is transformed into electrical signal. The electrical signals are then 

transmitted to the brain through the optic nerve (Figure drawn by the author).  

2.2 The sclera 

2.2.1 Scleral Anatomy 

The sclera is the white part of the eye (Figure 2.2) that extends between the cornea 

and the optic nerve. It comprises one-fifth of the eye, commencing anteriorly at the 

limbus and ending posteriorly at the optic nerve. It is near spherical with an 

approximate surface area of 16.3 cm2
 (Olsen et al. 1998) and a typical radius of 11.5 

mm (Forrester et al. 1990). The sclera is characterised by a relatively homogenous 

thickness in infants until the age of 4 to 5 years when the posterior region begins to 

thicken and the equatorial region becomes relatively thin compared to other regions 

(Avetisov, Savitskaya & Vinetskaya 1983). Scleral thickness in adult humans has 

been shown to decrease from approximately 500-600 μm at the limbus (corneoscleral 

junction) to 400-500 μm at the equator before increasing to values in the region of 

1000 μm near the optic nerve in the posterior region (Olsen et al. 1998, S, S & JB 

2012). This trend for regional variation was also observed in porcine sclera (Timothy 

et al. 2002). The sclera encroaches slightly more into the cornea in the superior and 

inferior quadrants than it does laterally, but the internal diameter of the scleral 

foramen is circular at 11.6 mm (Watson et al. 2004). 
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Figure 2.2 Diagrammatic representation of the human ocular globe (right) and the 

corneoscleral junction (limbus) in longitudinal section (left) (Foster and de la Sainz 

Maza, Jensen, 1982). 

The sclera is primarily composed of collagen; the human sclera contains 

approximately 50% collagen by weight (Campbell et al., 2014). In all species, the 

main collagen fibrils are Type I; 90% of fibrils in human sclerae are Type I. The 

mechanical properties of the sclera are highly influenced by the microstructural 

arrangement of the collagen fibrils. There are a small amount of proteoglycans (PGs) 

in the sclera (<1 %), but a number of studies have suggested that these play an 

essential role in the biomechanical behaviour of the sclera(Chen et al., 2014). The 

lack of PGs results in the significant reduction of the slope of low strain in the stress-

strain relationship and stress levels at consecutive stretch cycles (Eshel et al., 2001). 

 

2.2.2 Composition of the sclera 

The extracellular matrix (ECM) of the sclera is composed of three main structural 

components: collagen, elastin, and PGs. These are produced and degraded by scleral 

fibrocytes (Rada et al., 2000a). 
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Collagen  

All types of collagen are formed of collagen molecules, each one made of a triple 

helix of polypeptide chains. Collagen represents 80% of the dry weight of the sclera. 

Different types of collagen are found in the human sclera, which are divided into 4 

classes based on their supramolecular arrangement: fibril-forming collagens (types I, 

III, V), fibril-associated collagens (type XII), network-forming collagens (types IV, 

VI, VIII), and cell-associated transmembrane collagens (type XIII) (Jerome, A,J, 

La,Tessa. & H 1957, Keeley, Morin & Vesely 1984). Among these collagens, type I 

mainly contribute to the tensile strength of the biological tissue. Type III collagen is 

considered essential for the structural maintenance of expansible organs (such as 

arteries and lungs). Type V collagen is thought to have a similar function with PGs in 

controlling fibril diameter. Type V and VI are found outside fibrils, often separating 

the filaments from blood vessels and nerves. The structures and main functions of 

these collagen types are presented in Table 2.1.  

Table 2.1 Collagen types within sclera (McGurk et al. 2013, Meek KM 2008) 

Type Structure Class Representative tissues Main function 

I 

300nm molecule 

length, 67nm banded 

fibrils 

Fibrillar Skin, tendon, bone, dentin 
Resistance to 

tension 

III 67nm banded fibrils Fibrillar 

Skin, muscle, blood 

vessels, frequently together 

with type I 

Structural 

maintenance in 

expansible organs 

V 

390nm molecule, N-

terminal globular 

domain 

Fibrillar 

Fetal tissues, skin, bone, 

placenta, most interstitial 

tissues 

Participates in type 

I collagen function 

XII 

Large N-terminal 

domain; interacts with 

type I collagen 

FACIT (Fibril 

Associated 

Collagens with 

Interrupted Triple 

helices) 

Embryonic tendon and skin 
Interacts with type 

I collagen 
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VI Non-fibrillar collagen Network 

Underlying epithelial, 

endothelial, fat, muscle and 

nerve cells 

Maintaining tissue 

integrity 

 

Type I collagen is the most abundant in the sclera (Meek, 2008). It is characterised by 

cross-striated fibrils with a D-band periodicity of 67 nm (Figure 2.3) that are 

stabilised by covalent intramolecular and intermolecular crosslinks. The collagen 

fibril size distribution in humans is similar in the anterior and posterior sclera (Foster 

and de la Sainz Maza) but is smaller in the peripapillary region (Downs et al., 2005) 

(the sclera adjacent the optic nerve head). The fibrils of the outer human sclera 

(closer to the ocular cavity) are on average larger in diameter (58-160 nm) than those 

of the inner sclera (50-76 nm, closer to the choroid) (Young, 1985a).  

 

Figure 2.3 The organisation and production of a collagen fibril. Within the fibril, 

collagen molecules of length 300 nm and width 1.5 nm are staggered concerning 
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their neighbours by multiples of D. A single molecule is formed from three 

polypeptide chains, called α-chains (Watson and Hazleman, 2012).  

The fibril bundles in sclera do not follow the same arrangement of the organised 

orthogonal arrangement as they do in the cornea (Komai and Ushik, 1991). Instead, 

they have been shown to be interwoven in a more irregular and complex pattern with 

lamellae dimensions up to 50 μm wide and six μm thick with increasing interweaving 

and density towards the inner regions (Young, 1985) (Figure 2.4).  

 

Figure 2.4 Outer layer of normal supero-temporal human sclera showing lamellar 

structure. Presented in longitudinal (Lc), transverse (Tc) and oblique (Oc) sections 

with the variation in fibril diameter evident. Fibrocytes (F) and elastin fibres (E) also 

visible (scale bar ≈ 1.5 μm) (Watson and Young, 2004).  

The lamellae are circumferentially oriented at the limbus and in the outer 

peripapillary region but radially arranged in the inner peripapillary region (Newton 

and Meek, 1998). Elsewhere, the lamellae form reticular patterns in the outer sclera 
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and rhombic patterns in the inner sclera, where they are more interwoven (Komai and 

Ushikif, 2015). The lamellae of the outer human sclera are on average thinner (0.5-2 

µm) and narrower (1-5 µm) than those of the inner sclera (0.5-6 µm thin, 1-50 µm 

wide). Scleral fibroblasts are mostly located between the collagen lamellae (Watson 

et al. 2004). Elastic fibres and elastin microfibrils are occasionally seen between or 

within collagen bundles (Komai, Ushik 1991).  

 

The bundles of collagen fibrils tend to be fusiform in shape and branch 

dichotomously, with each tapering end entering another fasciculus (Komai and Ushik, 

1991). This format gives great strength and enables the structure to conform to the 

stress and strain imposed on it by the extraocular muscles. As shown in Figure 2.5, 

collagen bundles behind the limbus are slightly curved with the concavity directed 

forwards. 
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Figure 2.5 The arrangement of collagen fibres around the sclera. Anterior to the 

equator, the fibres are meridional, particularly in relation to the muscle insertions. (S: 

superior rectus muscle; I: inferior rectus muscle; M: medial rectus muscle; IO: 

inferior rectus muscle; SO: superior oblique muscle) (Kokott, 1934).  

Elastin 

Elastin fibres in the sclera are interwoven between collagen fibrils and comprise 2% 

of the dry weight of the sclera (Meek, 2008). Elastin fibres consist of multiple elastin 

molecules crosslinked through covalent bonding. They are surrounded by 

longitudinal microfibrils formed of the glycoprotein. The elastin core and elastin 

microfibrils have been shown to interact directly with collagen and PGs, or through 
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bridging molecules. Elastin fibres are circumferentially arranged with a 300 μm 

region around the ONH in humans, showing no preferred arrangement elsewhere. 

Distal to the peripapillary sclera, elastin fibres are predominantly found in the inner 

sclera where their density decreases. The average diameter of the elastin fibres varies 

with age in humans. At 2-3 years old their diameter is 12 nm; this can increase to 20 

nm at 80 years old (Kanai and Kaufman, 1972). Biochemical analysis has shown the 

elastin component of the adult human sclera to be around 2% by weight, although 

this increases to 5% in the scleral spur and trabecular meshwork (Moses RA et al. 

1978). 

Proteoglycans 

Proteoglycans (PGs) are composed of GAGs attached to a core protein through 

covalent bonding and they form the ground substance in which the collagen fibrils 

and elastin fibres are embedded. GAGs are polysaccharide chains of various lengths 

consisting of repeating disaccharide units. Figure 2.6 shows an image of a 

proteoglycan captured with atomic force microscopy (AFM). PGs core proteins make 

up of 2% of the dry weight of the sclera(Ayad et al., 1998), while GAGs represent 

0.5 to 1%(Breen et al., 1972).  
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Figure 2.6  AFM images of molecular brushes: proteoglycans having a protein 

backbone with glycosaminoglycans side chains(Peng and Bhushan, 2012) 

As shown in Figure 2.7, proteoglycans consist of a protein core to which at least one 

s-GAG side-chain is attached through a linkage region (Watson et al. 2004). There 

are mainly three types of sulphate found in sclera: chondroitin sulphate, dermatan 

sulphate, and heparin sulphate. Anionic groups on GAG sidechains of matrix PGs 

have been exploited to visualise scleral PGs and their collagen associations, using 

cationic dyes such as cuprolinic and cupromeronic blue (Van Kuppevelt et al. 1987).  
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Figure 2.7 Basic structure of proteoglycan with a chondroitin sulphate GAG 

sidechain. 

The interfibrillar compartment in the scleral matrix is occupied primarily by PGs, 

mainly decorin and biglycan. Small PGs are also believed to regulate collagen fibril 

assembly and interactions. Human sclera also contains small amounts of the large PG 

aggrecan (Rada et al., 1997). Collagen fibrils and PG interactions are shown in 

Figure 2.8.  The most abundant PG in human sclera is decorin (which represents 74%) 

followed by biglycan (20%) and aggrecan (6%) (Rada et al., 1997). Decorin (≈ 

45kDa core) has a single chondroitin sulphate or dermatan sulphate 

glycosaminoglycan (GAG) side chain, while biglycan (≈ 45kDa core) has two side 

chains of chondroitin sulphate and/or dermatan sulphate GAG. Aggrecan is the 

largest PG (≈ 350kDa core), consisting of up to 100 chondroitin sulphate and 30 

keratan sulphate side chains (Rada et al., 1997).   
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Figure 2.8 Schematic of the interactions between proteoglycan and collagen fibrils. 

The location and structure of decorin, biglycan, aggrecan and hyaluronan are also 

shown. These PGswere reported to exist in the scleral matrix (Rada et al., 2015) 

 

Among the GAGs, dermatan sulphate and hyaluronic acid are the most abundant in 

the sclera, followed by chondroitin sulphate, keratan sulphate, heparin sulphate, and 

heparin (Clark et al., 2011). Hyaluronic acid is unsulphated and not associated with 

core proteins, thus providing binding sites for aggrecan (Varki et al., 2009). The 

human sclera also contains a small amount of lumican (≈ 70kDa core) (Johnson et al., 

2006), another member of the SLRP family with a short unsulphated 

lactosaminoglycan side chain (Dunlevy and Rada, 2004). Other core proteins have 

also been identified in the human sclera (Johnson et al., 2006) such as proline-

arginine-rich end leucine-rich protein (PRELP), fibromodulin, osteoglycin, and 

chondroadherin. GAGs usually adopt a linear rather than globular conformation, 

filling the space between collagen fibrils and the collagen-elastin network (Raspanti 
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et al., 2008). PGs such as decorin and lumican can bind collagen (including type I 

collagen) through their core protein (Vogel et al., 1984, Hedbom and Heinegård, 

1993, Pogany et al., 1994, Raspanti et al., 2008). However, the aggrecan’s core 

protein was observed between the collagen fibre and lamellae rather than in close 

association with collagen fibrils (Rada et al., 2006).  Other PGs, such as biglycan, 

also interact with collagen via their GAG side chains through electrostatic 

interactions as shown in vitro.  

The proportion of PGs and GAGs vary significantly in different regions of the sclera. 

Chondroitin sulphate increases from the equator to the posterior region and reaches 

the maximum concentration at 2 mm around the fovea. The peripapillary area 

contains a high concentration of dermatan sulphate. The concentration of heparin 

sulphate is low throughout the sclera but highest in the anterior region to the equator, 

especially in the nasal limbus (Trier et al., 1990). Concentrations and distributions of 

GAGs in sclera are shown in Figure 2.9.  

 

Figure 2.9 Distributions and concentrations of heparan, dermatan and chondroitin 

sulphated GAGs within the sclera (right eye). Keratan sulphated GAGs have been 

reported in the human sclera (Keenan et al., 2012b), but their regional distribution 

has not been studied. 
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Through their interactions with collagen, PG core proteins and side chains are 

believed to regulate collagen fibrillogenesis, including the regulation on collagen 

fibril structure, diameter, and fibril density (Robinson et al., 2017, Wang et al., 2015).  

2.2 Sclera in ageing and disease  

2.2.1 Sclera in the ageing process 

The colour of human sclera changes with age, becoming darker, redder, and yellower 

(Russell et al., 2014). Scleral thickness has been reported to significantly decrease in 

the aged human sclera (Vurgese et al., 2012). This trend of decrease has also been 

observed in porcine eyes (Timothy et al., 2002). Mechanical properties of sclerae 

have also been reported to change with age. Although tissue stiffness increases with 

age (Geraghty et al., 2015), the stiffness of collagen fibres decrease (Coudrillier et al., 

2015a). In the human sclera, the concentration of all three PGs increases significantly 

from birth to the fourth decade of life (Figure 2.10). Decorin and biglycan decrease in 

all scleral regions after the fourth decade. However, aggrecan is not significantly 

reduced with the increase of age (Rada et al., 2015).  

 

Figure 2.10 Regional analysis of scleral proteoglycan concentration with the increase 

of age (Rada et al., 2015). 
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2.2.2 The sclera and glaucoma  

Glaucoma is the second leading cause of blindness worldwide, with the patient 

population expected to reach 80 million by 2020 (Quigley and Broman, 2006). 

Glaucoma is an optic neuropathy characterised by progressive and irreversible visual 

field loss of retinal ganglion cell (RGC) axons followed by visual field loss. An insult 

to the RGC axons occurs in the lamina cribrosa (LC) and the connective tissue of the 

optic nerve head (ONH). In the early stage of disease, the LC and peripapillary sclera 

move posteriorly as the opening of the posterior scleral canal increases (Quigley et al., 

1981). As the disease progresses, the anterior laminar beam fails, and the LC 

compresses. The LC insertion into the sclera moves posteriorly, leading the 

characteristic “excavated” shape of the optic disk (Quigley et al., 1983). (Figure 2.11)  

 

Figure 2.11 Increased intraocular pressures inside the eye cause damage to the optic 

nerve. Adapted from Howell et al. (2007). 
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An increased intraocular pressure (IOP) was initially believed to damage RGC axons 

(Fechtner and Weinreb, 1994). In angle-closure glaucoma, the narrow-angle between 

the cornea and iris physically blocks the trabecular meshwork responsible for 

draining the aqueous humour outside the eye. In open-angle glaucoma, the aqueous 

humour is not drained fast enough by the trabecular meshwork. However, glaucoma 

also appears in patients with normal IOP (Bengtsson, 1981, Tielsch et al., 1991). 

Thus, a vascular theory also suggests that an impaired blood supply at the ONH is 

responsible for axonal damage (Fechtner and Weinreb, 1994). The ONH has been 

considered as a ‘biomechanical structure’ as pathological levels of stress and strain 

could develop in the LC at any level of IOP (Downs et al., 2005). The previous study 

showed that the mechanical properties of sclera significantly influence the 

deformation of the more compliant LC that might highly contribute to the 

development of glaucoma (Coudrillier et al., 2015b, Oglesby et al., 2016, Eilaghi et 

al., 2010). For the treatment of high-pressure glaucoma, medication such as eye drops 

can effectively reduce the amount of aqueous humour produced by the eye. Laser 

therapy or surgery can also prevent the build-up of aqueous humour inside the 

anterior chamber (Quigley, 1993). However, these treatments are not efficient in 

glaucoma with normal IOP.  

Biomechanical studies of glaucoma have focused on microstructural changes in the 

peripapillary region. Scleral thinning occurs in the peripapillary sclera of 

experimental glaucoma monkey eyes (Downs et al., 2001) but this thinning was not 

observed in human eyes (Jonas and Jonas, 2011). The thickness of sclera followed 

with a higher fixation in sclerae with glaucoma suggests a loss of non-fibrillar 

components in glaucoma (Cone-Kimball et al., 2013). The density of collagen is 
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lower in human and experimental glaucoma monkey eyes (Quigley et al., 1991). 

However, no significant change has been found in the collagen fibril diameter change 

or elastin density. The peripapillary sclera of human glaucomatous eyes exhibits a 

lower creep rate and higher stiffness than normal eyes measured by inflation testing 

(Coudrillier et al., 2012). Moreover, inflation tests in experimental glaucomatous 

monkey eyes under inflation show a higher stiffness in the posterior sclera (Girard et 

al., 2011). The peripapillary sclera exhibits higher viscoelastic parameters compared 

to the equilibrium modulus after stress relaxation, but there is no change in time-

dependent viscoelastic parameters as compared to controls with uniaxial strip tests 

(Downs et al., 2005). 

2.2.3 The sclera and myopia  

Myopia is the most common visual disorder in which light enters the eye and focuses 

in front of the retina. It is most often associated with an increase of the axial length of 

the eye. Most patients develop myopia during their childhood and keep progressing 

until puberty (Lagrèze and Schaeffel, 2017). Among people affected by myopia, 12-

15 % patients suffered from high myopia (McBrien et al., 2003, Celorio and Pruett, 

1991), which can eventually lead to blindness due to the increased risk for retinal 

tissue degeneration (Celorio and Pruett, 1991).  The regional and worldwide 

prevalence of myopia in the future has been predicted by a meta-analysis conducted 

in 2016. In 2010, the highest incidence was reported in East Asia, Southeast Asia, 

and North America. However, the highest increase rate has been estimated in Asia-

Pacific, South Asia, and the Caribbean (Lagrèze and Schaeffel, 2017).  
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The overall thinning and localised ectasia of the sclera has been reported in highly 

myopic eyes (Kaya and Yildirim, 2016). This thinning is associated with the thinning 

of scleral collagen fibrils and reductions in proteoglycan content. An increase in the 

frequency of abnormal small and irregular shape collagen fibrils have been found in 

the long-term myopic sclera (Figure 2.12), especially the outer sclera (Curtin et al., 

1979). This change of scleral collagen fibril seems to cause the lower tensile strength 

of tissue that makes the sclera easier to expand. Reductions in the proteoglycan 

content of myopic sclera have also been found in several studies in humans, chickens, 

and tree shrews (Rada et al., 1994, Norton and Rada, 1995, Avetisov et al., 1983b). 

An axial elongation of the eye, especially the posterior pole (Rada et al., 2006), 

occurs in the myopic eye, illustrating the mechanical properties of the posterior sclera.  

 

Figure 2.12 Transverse section of scleral collagen fibrils in normal, age-matched 

control, and highly myopic eyes, captured by scanning electron micrographs (SEM) 

(McBrien et al., 2001). Compared to the normal and control eye, an increase of 
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abnormal small and irregular shape collagen fibrils have been found in the highly 

myopic sclera. 

 

In myopic eyes, most changes occur in the posterior region of the sclera. The 

thickness of the sclera decreases along with a decrease in tissue dry weight (McBrien 

et al., 2001a). This decrease in both suggests a loss (rather than a redistribution) of 

tissue. The mechanical measurement for the myopic eye also focuses on the posterior 

sclera. The posterior sclera of myopic human eyes under uniaxial testing reaches a 

higher strain at maximum pressure than that of normal eyes (Avetisov et al., 1983b). 

In the myopic eyes of tree shrews, the posterior sclera also shows a greater strain at 

the peak pressure (Phillips and McBrien, 1995; Phillips et al., 2000), as well as a 

higher creep rate; the stiffness remains the same as in uniaxial strip tests. 

2.2.4 Animal models for vision science 

Animal models are often used for vision science research (for the study of the retina, 

glaucoma, myopia and so on.) as an insight into tissue mechanisms, structure, 

nanostructures, and biochemistry. The animal models used most often include 

monkeys (Girard et al., 2011), pigs (Murienne et al., 2015), chicks, tree shrews 

(Sherman et al., 1977; Wallman et al., 1978; Wiesel and Raviola, 1977), guinea pigs, 

and mice (Barathi et al., 2008; Howlett and McFadden, 2006).  From all these 

animals, monkeys are the most suitable large mammal for research into glaucoma and 

myopia (Downs et al., 2005; Funata and Tokoro, 1990). However, the availability of 

monkeys is very low due to ethical and economic reasons. Pigs have been suggested 

as another suitable model by many studies. Porcine scleras show similarities in 

structure, histology, and collagen fibril diameter (Nicoli et al., 2009) and architecture 
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(Nicoli et al., 2009). Despite the differences in tissue thickness, porcine and human 

scleras behave the same way towards the permeation of a small molecule. Human 

and porcine scleras also show similar responses towards chemical and physical cross-

linking, as well as increased stress value compared to porcine sclerae; a similar 

response is not observed in rabbit sclerae (Zhang et al., 2014). Additionally, the 

porcine eye has been reported as a suitable animal model for studying glaucoma 

(Ruiz-Ederra et al., 2005). 

2.3 3D-Imaging measurement of scleral ultrastructure  

2.3.1 Scanning Electron Microscope (SEM) and Tunneling Electron Microscope 

(TEM)  

2.3.1.1 Principles  

Both SEM and TEM are type of electron microscopes (EM) that use electrons to 

illuminate a specimen and create an enlarged image. Electron microscopes have 

much greater resolving power than light microscopes and can obtain much higher 

magnifications. Some electron microscopes can magnify specimens up to 2 million 

times, while the best light microscopes are limited to magnifications of 2000 times. 

(Williams and Carter, 1996) 

 In SEM, a beam of electrons is directed from a filament to the sample in a vacuum 

environment. The electrons are guided to the sample by a series of electromagnetic 

lenses. The solution and depth of field of the image are determined by the beam 

current and the final spot size, which are adjusted with one or more condenser lenses 

and the final, probe-forming objective lenses. The electrons interact with the sample 

within a few nanometers to several microns of the surface, depending on beam 
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parameters and sample type. Electrons are emitted from the sample primarily as 

either backscattered electrons or secondary electrons. Once these electrons escape 

from the sample surface, they are typically detected by an Everhart-Thornley 

scintillator-photomultiplier detector (Khursheed, 2007). 

The beam of electrons went “pass through”the specimen to form an image in 

TEM instead of focus only on the surface. When the electrons beam emerges from 

the specimen, it also carries structure information of the specimen then these 

information magnified by the objective lens system of the microscope. (Williams and 

Carter, 1996) 

2.3.1.2 Application to the Sclera 

Special tissue preparation methods are needed for testing on collagen-based biology 

tissue using both SEM and TEM. Samples need to be fixed and dehydrated before 

imaging. A transection image of collagen fibrils is particularly used for analysing 

collagen fibril diameter and distribution (Wollensak et al., 2004, Massoudi et al., 

2015, Boote et al., 2009). Some sections with a slightly ellipsoidal section profile 

(Figure 2.13) result in oblique sectioning. The minimal transverse diameter of the 

collagen fibrils was thus measured because, in ellipsoidal section profiles, the 

shortest diameter is equal to the diameter of the corresponding circular section 

profile (Wollensak et al., 2004). However, this method is not suitable for tissues like 

the sclera where collagen fibrils form in bundles and greatly vary in diameter and 

orientation.  



26 

 

 

 

 

Figure 2.13 With SEM, rectangular sections with circular section profiles (B). 

Oblique sections with ellipsoidal section profiles (C). The minimum profile diameter 

is identical in both section profiles (A).Adapted from Wollensak et al. (2004). 

Sclera tissue were observed using SEM/TEM by many studies, mainly focus on the 

micro-level to determine collagen fibrils distribution (Nicoli et al., 2009) and 

observes the scleral matrix (Wolff, 1997).  While some of the studies has observed 

the in nano-scale for the nanostructure of the collagen fibrils (Young, 1985b, Austin 

et al., 2002). However, few of them has developed a method for calculating the 

collagen fibrils parameters like D-period and diameter. As figure 2.14(a) 

Transmission electron micrograph of two rabbit scleral collagen fibrils. The 

characteristic D-period of the collagen fibril is clearly visible. The black filaments 

bridging between two adjacent fibrils are proteoglycans.(Young 1985), (b) 

Transmission electron micrograph showing a transverse section of collagen lamellae 

in the outer, mid, and inner sclera of the normal tree shrew.(McBrien, Cornell et al. 

2001), (c) Electron micrograph image of the human sclera showing six superimposed 

lamellae. Within each lamella, collagen fibrils run in the same direction. Significant 

collagen fibrils orientation variations are observed between adjacent lamellae, and 

fibroblasts occupy the interlamellar space. (Wolff 1997), (d) Scanning electron 
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micrograph of the collagen bundles in the sclera of the human eye and porcine sclera. 

Porcine scleral collagen bundles looked thicker but still showed a similar 

arrangement.(Nicoli, Ferrari et al. 2009) 

 

 

Figure 2.14 SEM/TEM Imaging of the sclera structure at multiple length-scales.  

2.3.2 Atomic force microscopy  

2.3.2.1 Principles 

The first atomic force microscope was developed by Binning et al (1986) to 

overcome the limitations of the conductivity requirement for scanning tunnelling 

microscopy (STM). It is a nanometre-scale scanning probing technique, capable of 
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sensing the smallest variations on the surface of a material. In an AFM (as shown in 

Figure 2.15), force is required to maintain contact between the probe and sample 

constantly or for a short time (contact mode and tapping mode) while raster scanning. 

During the scanning process, a laser beam lands on the reflection surface of the 

probe and the reflection beam is received by a position-sensitive photodetector 

through a mirror. The photodetector detects the deflection of the cantilever caused by 

the sample surface, so the measurement of AFM is made in three dimensions, with a 

horizontal (X-Y) plane and a vertical (Z) dimension (Meyer 1992). AFM can be 

performed on fresh biological tissue samples; there is no need for sample fixation 

and any treatment for testing with this method. (Sweers et al., 2011) 

 

Figure 2.15 In an AFM, a laser beam landed on and reflected by the surface of 

cantilever then caught by photodetector. Surface roughness of the sample could then 

be captured as movement of cantilever. In the contact mode, tip and sample are kept 

in contact during the raster-scan. Detector signal is a measure of cantilever deflection, 

the feedback system adjusts the height of the cantilever base to keep the deflection 
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constant as the tip moves over the surface. In the tapping mode, probe is 

mechanically oscillate at or near its resonance frequency and makes repulsive 

contact with the sample surface at the lowest point of the oscillation. Detector signal 

is cantilever oscillation amplitude or phase. 

The two most frequently used methods are contact mode AFM and tapping mode 

AFM (Rugar et al. 1990)  (as shown in Figure 2.15), which can be carried out in a 

number of environments (Hansma et al., 1994, Bramowicz et al., 2012, Fukuma et al., 

2005).  In the contact mode, the small (angular) movement of the lever is commonly 

measured by a laser beam that is reflected off the cantilever and directed onto a split 

photodetector while the probe is in constant contact with the sample. The tapping 

mode is much gentler than the regular contact mode. In the tapping mode, the tip 

only contacts the surface for a small percentage of the time, keeping the tapping 

force low and the lateral forces negligible. 

Significant differences between AFM and SEM arise when creating a representation 

of a sample surface. On atomically smooth surfaces, AFM is capable of producing a 

three-dimensional topography using just a single scan. AFM also provides a greater 

level of detail for these surfaces, as SEM is not as efficient in resolving the subtle 

changes on a highly smooth surface. When scanning thin films, SEM and AFM can 

produce very similar results. However, with images generated by SEM, it can 

sometimes be difficult to determine the slope of a surface. Conversely, AFM 

provides height information, making it easy to determine if surface features on a thin 

film are rising or falling (Russell et al., 2001). When scanning relatively rough 

surfaces, SEM’s large depth of field gives it a significant advantage over AFM. If a 

sample has details that are millimetres high, the penetration of the electron beam 

used in SEM makes it possible to images those details. 



30 

 

 

 

2.3.2.2 Application to the Sclera 

With AFM, collagen fibril surface information like D-banding gap depth can be 

extracted from height and deflection channel images, example method shown in 

Figure 2.16.  Scleral collagen fibril structure including diameter, D-periodicity and 

gap zone depth were analysed by several studies using both AFM and EMs (Spitznas 

et al., 1970, Spitznas and Hogan, 1970, Komai and Ushik, 1991, Komai and Ushikif, 

2015, Fullwood et al., 1995, Meller et al., 1997, Yamamoto et al., 2002, Grant et al., 

2011b, Choi et al., 2011, Jan et al., 2017, Papi et al., 2014) . However, there are 

significant variations between the results of these studies. The variation may be 

caused by difference animal, sample condition and scanning locations. Also there 

might be error caused by manual measurement. 

 

Figure 2.16 AFM images from height channel showing scleral diameter distribution 

across the sclera (a), posterior (b) equatorial and (c) anterior regions (Papi et al., 

2014). From the images, collagen fibrils diameter were found to be significantly 

greater in the anterior region than in posterior region. 

 

2.4 Mechanical testing of the sclera  

The anterior part of eye forms the cornea, and the posterior part consists of three 

layers: the sclera, choroid and retina (Clark et al., 2011). Among these three tissues, 
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the sclera is the toughest, and the retina is the softest (Campbell et al., 2014).Thus the 

contribution to the eye tissue stiffness from the retina, choroid and sclera are an order 

of magnitude higher than its each other. Moreover the sclera is reported to be two 

times stiffer than the cornea (Pierscionek et al., 2007). Thus, the sclera plays a crucial 

role in maintaining the mechanical properties of the eye. 

The sclera is nearly incompressible (Battaglioli and Kamm, 1984). The mechanical 

properties of the sclera are dependent on temperature (Greene and McMahon, 1979) 

and hydration (Curtin, 1969). The posterior sclera is more compliant than the anterior 

sclera (Palko et al., 2011), despite its thickness and higher collagen content than other 

regions (Avetisov et al., 1983a). The peripapillary sclera deforms more than the rest 

of the posterior sclera (Fazio et al., 2012). The mechanical properties of the sclera 

have been investigated using different experimental techniques. These have included 

uniaxial and biaxial testing (Zhang et al., 2014), inflation of the globe and scleral 

shells (Murienne et al., 2016, Murienne et al., 2015, Coudrillier et al., 2015b), 

dynamic mechanical testing (Palko et al., 2011), nanoindentation (Nayar et al., 2011), 

and indentation with AFM (Papi et al., 2014, Spitzner et al., 2015).  Different testing 

methods affect the results by several orders of magnitude.   

2.4.1 Uniaxial tensile testing   

2.4.1.1 Principles 

Uniaxial testing involves subjecting a material strip of uniform width to a one-

dimensional tensile force. The ensuing load-elongation measurements are then used 

in conjunction with the strip dimensions to calculate the stress-strain behaviour and 

hence the resulting stiffness of the material. The uniaxial testing method is the most 
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common experimental technique used to determine the properties of engineering 

materials (Elsheikh and Anderson, 2005) due to its relatively simple set-up and post-

test mathematical analysis. However, there are some inherent deficiencies when used 

on biological tissues, particularly specimens which are obtained from the ocular 

globe (Elsheikh et al., 2008). Hydration of the biological tissue has been shown to 

have a significant effect on the biomechanical properties (Haut and Haut, 1997). 

Hence, the environment in which the specimen is tested has been essential for 

mechanical testing. For specimens used for tensile testing, several methods such as 

humid and liquid chambers have been developed to keep the tissue at an appropriate 

hydration level(Hatami-Marbini and Rahimi, 2014). 

2.4.1.2 Application to the Sclera 

Geraghty et al (2010) studied regional variation biomechanical properties for the 

anterior, equatorial and posterior region of human sclera and also the age-related 

variation in the mechanical properties in the sclera (Geraghty et al., 2012), both with 

uniaxial tensile testing.  In both studies, a hydration chamber was designed to keep 

the sclera tissue hydrated (as shown in Figure 2.17).   
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Figure 2.17 Uniaxial tensile testing set up (a) and the liquid chamber (b). Scleral 

strip is immersed in a tissue bath yields estimates of the scleral modulus. (Geraghty 

et al., 2015) 

Uniaxial testing is a straightforward method. However, it has several limitations 

when testing on eye tissues, such as stress concentration and preconditioning effects. 

Preconditioning is characterised by the progressive shift of the load-unload curve on 

the first few cycles. This phenomenon is partly due to the rearrangement of the 

collagen fibrils in the direction of stress (Curtin, 1969) and suggests that the tissue is 

not tested under physiological conditions. Preconditioning loading cycles are 

designed to obtain a unique and recoverable reference state of the scleral tissue and 

load-unload curve (Weiyi et al., 2008, Lari et al., 2012). Moreover,  the severed 

collagen fibrils at the tissue cutting edges and the act of flattening the sclera when 

testing can introduce significant errors in the measured mechanical properties 

(Campbell et al., 2014).  
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2.4.2 Inflation testing  

2.4.2.1 Principles 

Unlike tensile testing, inflation testing mimics the in vivo loading conditions of 

the eye.  It allows the measurement of the pressure-induced 3D displacements of 

the scleral surface using image tracking techniques such as 3D digital image 

correlation (Murienne et al., 2016), electronic speckle pattern interferometry 

(Fazio et al., 2012), or optical flow tracking of surface particles (Girard et al., 

2008).  

2.4.2.2 Application to the Sclera 

Three-dimensional displacements within the scleral volume can also be measured 

using ultrasound speckle tracking (Perez et al., 2014). For the inflation of scleral 

shells, boundary effects such as stress concentration are assumed to be negligible 

away from the clamp. In addition, tissue preconditioning was shown to be 

unnecessary due to the fully fixed boundary condition, providing the tissue was 

allowed time to recover and did not incur irreversible damage.  
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2.4.3 Nanoindentation  

2.4.3.1 Principles 

The term ‘nanoindentation’ refers to a variety of indentation-based mechanical tests 

applied to small volumes of material. A ‘nanoindenter’ is the name given to 

commercially available laboratory equipment capable of determining these nano-to-

micron scale mechanical properties. During nanoindentation, a load is applied to 

move the tip into the sample (Shown in Figure 2.17). Load and displacement are 

monitored continuously during the indentation process, resulting in a load-

displacement curve. The mechanical properties of a sample is calculated directly 

based on recorded indentation load and displacement data. The ‘nano’ prefix can 

potentially be misleading as the scale of the tip that is selected can vary in size, with 

the tip radius ranging from approximately 40 nm to 100 μm or more. The tip can be 

custom-made using bearings in the millimetre scale (Lee et al., 2008). It has a wide 

working force range of 1 μN to 500 mN, and a displacement range of 1 nm to 20 μm. 

This range fills the gap between AFM and macroscale mechanical testing (Ebenstein 

et al., 2006). 

 

Figure 2.17 Schematic of load-control nanoindentation: a load (P) is applied while 

the load-displacement and displacement-time are recorded. 
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Doerner and Nix (Doerner et al., 1986) published the first comprehensive 

experimental and analytical approach to a generalised form of nanoindentation 

analysis from load-displacement data for non-rigid indenters of all geometries. 

Oliver and Pharr further generalised their approach, resulting in the widely used 

method for indentation analysis (Oliver and Pharr, 2004). In the Oliver-Pharr method, 

the projected contact area between indenter tip and material is estimated using the 

equations for the elastic contact of an indenter of arbitrary shape on a uniform and 

isotropic half space. The indentation modulus and hardness of the material can thus 

be calculated without the necessity of imaging the indentation after the experiment. 

The Oliver-Pharr method was not initially developed for analysing indentations for 

thin biology tissue on substrates, and no information about a possible substrate is 

included in the analysis. However, it is frequently used by researchers to interpret 

indentations performed on thin films in an attempt to obtain approximate film 

properties regardless of the effect of substrate properties on the measurement. The 

accuracy of such a measurement depends on the film and substrate properties and on 

the indentation depth as a fraction of the total film thickness. In general, the error 

due to the substrate affects increases with increasing indentation depth and with 

increasing elastic mismatch between film and substrate (Doerner et al., 1986, Burnett 

and Rickerby, 1987, Pharr and Oliver, 1992, Saha and Nix, 2002) . 

Dynamic indentation analysis (DMA) techniques (Hayes et al., 2004) was developed 

to control the loading parameters throughout indentation experiments continuously. 

Typically, an oscillatory stress is imposed on the sample, either as tension, 

compression, or torsion. The resulting strain, which is also oscillatory, is measured. 

The outcome of a DMA test is the storage modulus, G´, which characterises the 
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sample’s ability to store energy elastically, and the loss modulus, G˝, which 

characterises the sample’s ability to dissipate energy as heat. Taken together, G´ and 

G˝ are the complex modulus of the material. Phasor analysis of DMA mechanics 

reveals that the storage and loss modulus are concisely related through the loss factor, 

which is the tangent of the phase angle, δ, by which the strain lags the stress (Akhtar 

et al., 2018). 

In practice, G´, G˝, and tan δ are measured by DMA as a function of frequency and 

temperature. Reporting any two of these parameters is sufficient for knowing all 

three. When the sample is in the form of a thin form, analogous measurements can 

be made by means of an oscillatory indentation test. As the indenter is pressed into 

the sample, an oscillating force is imposed on the sample through the indenter, and 

the resulting displacement oscillation is measured. By presuming the same kind of 

constitutive form which DMA employs, and by interpreting the indentation data in 

light of established contact models, one can measure equivalent values of G´ and G˝ 

by oscillatory indentation. 

Oscillatory indentation has additional advantages over traditional DMA, even when 

the material is available in quantities large enough to be tested by the traditional 

method. The moving mass of an indenter is much smaller than the moving mass of a 

traditional DMA instrument, which means that the indenter can be made to oscillate 

at much higher frequencies. Thus, oscillatory indentation can be used to characterise 

a larger frequency range (Han et al., 2011). 

Oscillatory indentation has been established as a suitable method for mechanical 

testing for soft materials. Peters et al (2017) monitored the freeze-thaw cycles on 
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canine cartilage by using oscillatory nanoindentation with a flat punch indenter tip. 

Akhtar et. al (2018) utilised this method for testing mechanical properties for 

hydrogels. 

 By utilising a flat punch indenter linear viscoelastic analysis can be utilised. The 

theory is described in detail elsewhere(Akhtar et al., 2018). A summary is provided 

here. Shear modulus is calculated using the following equation: 

𝐺′ =
𝑆(1−𝑣)

4𝑎
                                                                (2.1)                        

where G´ is the shear storage modulus of the material, v is the Poisson’s ratio, S is 

the elastic stiffness of the contact, and a is the radius of contact area. 

And for  G″ the loss modulus: 

𝐺′′ =
𝐷𝑠𝜔(1 − 𝑣)

4𝑎
                                                       (2.2) 

where the Dsω is the contact damping, manifest as the damping coefficient Ds 

multiplied by the radial frequency ω.  

The loss factor,  tan δ, is  defined as the loss modulus divided by the storage 

modulus is 

 tan δ ≡
G′′

G′
=

𝐷𝑠𝜔

𝑆
                                                       (2.3) 

 

The selection indenter probe geometry is crucial for nanoindentation, as it 

determines the modes of deformation. As mentioned earlier, for the oscillatory 
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nanoindentation method used in this thesis, a flat punch indenter is utilised. The 

indenter tips are typically made out of very stiff materials, such as diamond or 

sapphire, so that the compliance of the sample will be greater than that of the tip. For 

nanoindentation of metals and ceramics, three-sided pyramidal tips that come to a 

sharp point, such as the Berkovich tip (Figure 2.18A), are commonly used (Pharr, 

Bolshakov 2002, Oliver, Pharr 2004). However, for indenting soft polymers and soft 

tissues, a spherical tip (Figure 2.18B,C) (Field, Swain 1993) is commonly used to 

minimise plastic deformation and stress concentrations to avoid damaging the 

sample. A third option also used in the study of viscoelastic materials is the 

cylindrical flat punch (Figure 2.18D). A flat tip (Herbert et al. 2009) has the 

advantage of a constant, known contact area as a function of depth, but has high-

stress concentration at the contact perimeter. 

 



40 

 

 

 

Figure 2.18 Schematic of Berkovich (A), big (B) and small (C) sphere, flat punch (D) 

indenter tips, and their projected areas Ac. he is the contact depth, α1 is a geometric 

constant, and R the radius. The geometry shown in (D) is relevant to this thesis. 

2.4.3.2 Application to the Sclera 

Nanoindentation technique has been used for sclera mechanical properties 

measurement by previous studies (Battaglioli and Kamm, 1984, Nayar et al., 2011, 

Siegwart Jr and Norton, 1999, Nayar et al., 2012). However, as showed in the table 

2.2, the results mechanical properties of the sclera tissues vary several orders of 

magnitude which from as low as 30kPa to 400kPa, this variation may cause by 

difference in mechanical characterization protocol. The latest revealed storage 

modulus by Nayar et al. (2012) in macroscale is 405 ± 205kPa. Nanoindentation is a 

surface probing technique with monitored indentation depth, however there is 

difficulty of surface detection for sample submerged in liquid. Collagen based tissue 

like sclera, the tissue properties are easily affected by hydration level. Hence, a 

suitable hydration method is need for nanoindentation testing.  Also, for measuring 

G’ and G’’ are the linear viscoelastic properties, strain-stress behaviour cannot be 

captured by this technique.  

2.4.4 Atomic force microscopy for Mechanical Testing 

2.4.4.1 Principles 

Atomic-force microscope (AFM) is another technique to measure sample mechanical 

properties in nano- and microscale, AFM and nanoindenters both work by probing a 

surface. Additionally, AFM could also provide a high-resolution image by mapping 

sample surface.   
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The cantilever and tip are typically manufactured from silicon. Common dimensions 

are about 100 µm for the length of the cantilever, a few nanometres to tens of 

nanometers for the tip radius, and 10mN/m to 100N/m for spring constants (Russell 

et al., 2001). The tip itself can have various coatings to enable its sensitivity to 

measure certain interactions – these coatings can include metal for conductivity, or a 

ligand for biological specificity. The ramping force is recorded and interactions 

between the tip and the sample surface is measured by monitoring the displacement 

of the cantilever. The external disturbance is the tip-sample interaction as measured 

through the cantilever displacement sensor. The mechanical properties of the sample 

like force curve can then be calculated with the above parameters.  

There are various models that used to fit force-displacement curves for Young’s 

modulus calculation. 

In the Hertz model, two critical assumptions need to be considered: (a) the indenter 

tip must has radius that is much bigger than the indentation depth; (b) the indented 

sample is much thicker in comparison to the indentation depth (Mahaffy et al., 2000).  

𝐹 =
4

3

𝐸 

(1 − 𝑣2)
  √𝑅𝛿3/2                                                 (2.4) 

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

indentation depth, respectively (Adamcik and Mezzenga, 2012). 

The Sneddon model (Sneddon, 1965)was developed for measuring on very soft 

samples including. cells, tissues, biomolecules. When the sharp tips with a small tip 

radius or soft samples are involved, it is more appropriate to use the Sneddon model 

which considers the tip as an infinite conical indenter and describes the 
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corresponding elastic deformation of the initially flat surface without limitation on 

contact radius/tip radius (Calzado-Martín et al., 2016). 

𝐹 =
2

𝜋

𝐸

(1 − 𝑣2)
𝑡𝑎𝑛(𝛼)𝛿 2                                            (2.5) 

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

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

The DMT model (Derjaguin et al., 1975) modified from Herts model by adding the 

adhesive forces between the tip and the surface: 

𝐹 − 𝐹𝑎𝑑ℎ =
4

3
𝐸 ∗ √𝑅(𝑑 − 𝑑0)3                                 (2.6) 

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

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

the sample. If the Poisson’s ratio is known, the equation can then change to  

𝐸∗ = [
1 − 𝑣𝑠

2

𝐸𝑠
+

1 − 𝑣𝑡𝑖𝑝
2

𝐸𝑡𝑖𝑝
]

−1

                                       (2.7) 

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

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

the reduced modulus of the sample between 4% and 25%; however, this ratio is 

mostly not accurately known (Pittenger et al., 2010). . In PeakForce Quantitative 

Mechanical property Mapping (QNM), elastic modulus (Young’s modulus) is typically 

calculated by using the DMT model (Derjaguin et al., 1975)  
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PeakForce QNM mode (Pittenger et al., 2010a) is an AFM mode the truly achieved 

quantitative material property mapping with resolution demanded by researchers.  

This mode is developed base on the tapping mode, however the PeakForce QNM 

mode The tip only contacts the surface for a small percentage of the time, keeping 

the tapping force low and the lateral forces negligible. (in traditional mode, the 

lateral force mode that the tip exerts on the sample can cause the sample to tear or 

the tip to fracture) The force volume imaging for the mode collects force curves at 

each pixel in an image and directly link the sample morphology with local 

mechanical behaviour in the whole scan area. PeakForce QNM mode is ideal for 

testing on soft tissue (Young et al., 2011, Sweers et al., 2011) because unlike in 

tapping mode the cantilever vibrates in a constant amplitude much slower than the 

cantilever resonant frequency (i.e. non-resonant mode), thus avoids the filtering 

effect and dynamics of a resonating system. Because PeakForce Tapping does not 

resonate the cantilever, cantilever tuning is not required, which is particularly 

advantageous in fluids. Moreover, there is a controlled the maximum force 

(PeakForce) applied on the tip is controlled in this mode. This controlled force 

protects the tip and sample from damage by minimizing the tip-sample contact area.   

2.4.4.2 Application to the Sclera 

Scleral tissue from all regions was studied by Papi et al. (2014) using PeakForce 

QNM mode. In this study, variations in the collagen fibril diameter, adhesion, elastic 

modulus and dissipation all scleral regions were tested in air. In the results, the mean 

collagen fibril diameter, elastic modulus and dissipation increased from the posterior 

to the anterior region.  
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Grant et al. (2011a) have studied the porcine scleral mechanical properties and 

corresponding tissue ultrastructure by using tapping mode in fluid and heated to 

37
o
C to mimic the human body environment. The mechanical properties results from 

this study are significantly smaller than Papi et al’s results (values shows in Table 

2.2). This difference shows that scleral mechanical properties are greatly influenced 

by testing environment, AFM mode and testing location.  

Table 2.2 Values reported in the literature for the stiffness of sclera, and 

methodologies used to obtain these values. 

Author  Tissue  Technique  Elastic modulus 

(MPa) 

Woo, Kobayashi et al. 1972 Human sclera Pressurization 

of the eye globe 
2.3 

Friberg and Lace 1988 Human sclera Uniaxial testing 2.9±1.4 

Battaglioli and Kamm 1984 Human sclera Unconfined 

compression 
2.7 ± 4.1×10-2 

Siegwart 1999 Tree shrew 

sclera 

Tensile 1.28 ± 0.43 

Wollensak and Spoerl 2004 porcine sclera Tensile 22.82 (at 8% strain) 

Grant et al. 2011 Porcine sclera AFM 0.41 ± 0.28 

Chen 2009 Porcine sclera Tensile  0.07 ± 0.12 

Nayar et al. 2012 Porcine sclera Nanoindentation 0.40– 0.20 (macro) 

0.05 – 0.04(nano) 

Papi et al. 2014 Porcine sclera AFM 6.94±1.96 
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2.5 Summary  

The mechanical properties and nanostructure of the sclera have been shown to play 

an important role in the initiation and development of glaucoma and myopia. 

Alterations to the tissue mechanical properties nanostructure could significantly 

influence one's possibility of developing these diseases even at the normal IOP. In 

addition, proteoglycan content changes have been observed in pathological and aged 

scleras, but the impact of proteoglycan variations in the mechanics and structure of 

those proteoglycan reduced scleras has not been determined.  

Moreover, there are various types of PGs existed in the sclera and they are formed in 

different structures. This indicated they might have a different contribution in tissue 

structure and mechanical behaviour. However, no study so far had considered this 

possibility when study the structure or mechanical properties of proteoglycan 

depleted scleras.  

Finally, the amylase has been found in human tear fluid since 1975 and been proved 

to have effect on PGs in connective tissues by Quintarelli et al since 1969. Also, an 

increased level of amylase has been found in patients with keratoconus. However, 

there is no study for the role of amylase played in the eye has been conducted in 

neither biochemistry nor biomechanical field so far. 

Base on the outcome and gap from previous research, this study will further 

investigate the nanostructure and mechanical response of sclera and the contribution 

of PGs to all regions of scleral structure and mechanical properties by using both 

AFM and nanoindentation technique. Additionally, this study will also investigate 

the amylase effect on the sclera by study the scleral proteoglycan content, 
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nanostructure and mechanical behaviour before and after treatment with α-amylase 

to provide a straightforward link for future researchers to study the role of amylase 

plays in the ocular tissue.  
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Chapter 3  

3.1 Introduction  

3.1.1 Proteoglycan in connective tissue 

Connective tissue, wherever it is found, consists of collagen and interfibrillar matrix, 

made up mainly of proteoglycan (PGs) and glycoproteins (Scott, 1988). These are 

both products of fibroblasts. The amount and type of PGs vary from tissue to tissue. 

PGs play important roles in tissues, including water banding and tissue hydration, 

regulation of fibril size during fibrillogenesis, structural functions via interactions 

with collagen fibrils, regulation of permeability throughout the stroma, and almost 

certainly the provision of a protective envelope from external influence for collagen. 

PGs are composed of a core protein covalently bound to one or more 

glycosaminoglycan (GAG) chains, where the core protein typically consists of 

multiple domains with distinct structural and binding features. As shown in Figure 

3.1, two GAGs are attached to the core protein through covalent bound, and the 

GAGs are polysaccharide chains that varies in length that consisting of repeating 

disaccharide units. PGs may be classified by their associated GAG chain into 

heparan sulphate, chondroitin sulphate, dermatan sulphate, and keratan sulphate. 

However, PGs are also divided into families based on the structural features of their 

core protein. Important PG classes in the extracellular matrix include the basement 

membrane PGs, the hyalectans (or lecticans), and the small leucine-rich repeat PG 

(SLRP) family. Some SLRP family members are part-time PGs, and others such as 

opticin are always substituted with oligosaccharides instead of GAGs. 
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Figure 3.1 Structure of PGs (chondroitin and heparan sulphate) showing the 

polysaccharide-protein linkage region and the main disaccharide units. Gal, 

galactose; Xyl, xylose; GluA, ß-D-glucuronic acid; GalNAc, N-Acetylgalactosamine. 

((Maeda, 2015) 

 

The principal PGs of connective tissue have been characterised through 

complementary DNA cloning of the core proteins. Decorin and biglycan are two 

closely related PGs with protein cores of < 45 kDa and apparent molecular masses of 

120 and 200 kDa, respectively. Decorin contains one chondroitin-dermatan sulphate 

GAG side chain, whereas two chondroitin-dermatan sulphate side chains may be 

attached to the biglycan core protein (Hitchcock et al., 2006). They are relatively 

small chondroitin-dermatan sulphate PGs and present in many connective tissues but 

differ in distribution and function. Decorin is present in close association with 
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collagen fibrils of many (if not all) connective tissues, where it regulates collagen 

fibril formation.   

Additionally, large PGs have been identified in many connective tissues (Robinson 

et al., 2017). Aggrecan, a PG typically found in cartilage, is composed of a large 

(220 kDa) core protein and functions to provide tissue with resilience due to the 

water-binding capacity of its chondroitin and keratan sulphate GAG side chains 

(Roughley and Mort, 2014). The other form of large chondroitin sulphate PGs is 

called versican, identified in cultured human fibroblasts. Although these two PGs 

have large core proteins of similar size (>350 kDa) as determined by sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), versican contains 15 to 

17 chondroitin sulphate GAG side chains, whereas aggrecan contains more than 100 

chondroitin sulphate chains and more than 30 keratan sulphate chains (Knudson and 

Knudson, 2001).  

Since collagen, PGs, and GAGs are major targets of degradative enzymes in diseases 

such as osteoarthritis(Gerlie et al., 2000), it is imperative that researchers possess the 

means to quantify PGs in both healthy and diseased tissue precisely. This can be 

achieved by measuring s-GAGs in articular cartilage or a variety of body fluids such 

as synovial fluid, blood, or urine. 

3.1.2 Proteoglycan in the sclera 

The sclera is a connective tissue that provides the structural framework that defines 

the shape and axial length of the eye. The requirements of scleral strength, elasticity, 

and resiliency are largely met by connective tissue consisting of scleral fibroblasts 

embedded in a matrix of interwoven collagen fibrils of varying diameters. This 
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matrix is in close association with PGs that serve several biologic functions, 

including regulation the collagen fibrils and tissue hydration level, maintenance of 

structural integrity, growth regulation, matrix organization, cell adhesion, and 

binding of certain growth factors (Rada et al., 2000a). Three-dimensional 

reconstructions from electron tomography of human sclera reveal the d-periodic 

associations of proteoglycans with collagen in the tissue (shown in Figure 3.2), 

presumably indicative of their role in stabilising the fibrillar matrix and contributing 

to its rigidity and strength.  
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Figure 3.2 Stereo paired image of a three-dimensional reconstruction of proteoglycan 

(orange) and collagen fibrils (blue) from electron tomography from the sclera of an 

89-year-old male donor (Watson and Hazleman, 2012b).  

 

The sclera exhibits regional variation in structure and function. Human sclera is 

thickest at the posterior pole and thinnest at the equator, thickening at the corneal 

limbus. The posterior sclera contains the scleral canal and the lamina cribrosa for 

passage of the optic nerve. It also contains the sites of perforation by the long and 

short posterior ciliary arteries, the short ciliary veins, and the vortex veins. The 

anterior sclera is adjacent to the cornea at the corneal limbus and demonstrates a 
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significantly higher modulus of elasticity than the posterior sclera, resulting in 

significantly greater stiffness in the anterior sclera (Meek, 2008). Regional analysis 

of scleral GAGs indicates that chondroitin sulphate GAGs increases from the equator 

to the posterior region, reaching a maximum concentration at 2 mm around the fovea. 

The peripapillary area contains a high concentration of dermatan sulphate GAGs. 

The concentration of heparin sulphate GAGs is low throughout the sclera but highest 

in the anterior region to the equator, especially in the nasal limbus (Trier et al., 1990). 

Keratan sulphate GAGs have been found in the anterior region (Keenan et al., 2012a) 

but regional analysis has not been conducted by previous studies. Hyaluronic acid is 

the richest around the equator sclera (Trier et al., 1990). Although hyaluronan is not 

sulphated, other GAG chains contain sulphate substituents at various positions of the 

chain.  

  

Figure 3.3 Carbohydrate sequences of the five types of GAG chains that have been 

reported in the sclera using monosaccharide symbols: (A) Hyaluronan; (B) 
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Chondroitin; (C) Dermatan; (D) Heparin; and (E) Keratan. Possible sulfation 

presence and location (2S, 4S, or 6S) is indicated. (Sigma-Aldrich, 2000)  

 

PGs interact with many biologically active molecules via their core protein as well as 

their GAG chains, they are known to play important roles in the interactions between 

cells and the extracellular matrix, including the regulation of cell differentiation, 

proliferation, adhesion and migration. PGs also existed in and contribute to the other 

eye tissues, both chondroitin sulphate PGs and heparan sulphate PGs are important 

in determining axonal guidance from the retina (Clark et al., 2011). In addition, 

chondroitin sulphate PGs are essential in maintaining adhesion between RPE cells 

and the neurosensory retina. In Bruch’s membrane, PGs are involved in the 

regulation of cell-matrix interactions, signalling and inflammation, and contribute to 

its filtration properties (Johnson et al., 2006). 

3.1.3 Enzymes used in the proteoglycan research in ocular tissue  

Chondroitinase is an enzyme that specifically degrades chondroitin and dermatan 

sulfates. Several research have used enzyme for proteoglycan depletion   (Murienne 

et al., 2016, Murienne et al., 2015), (Van Haeringen et al., 1975), 

 

3.2 Methods  

3.2.1 Sample preparation  

Five eyes of 6 to 9 month-old pigs (weight 32~34 kg) were obtained from a local 

slaughterhouse and prepared immediately on arrival (within an hour) at the 
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University of Liverpool.  All eyes were obtained before the pigs were placed in a 

scalding tank (which has a water temperature around 60°C) to avoid tissue damage 

from high temperatures. Scleral tissue was cleaned of skin, fat, adherent muscle, 

retina, and choroid and was then dissected into anterior, equatorial, and posterior 

regions. The anterior region was defined as a circumferential belt adjacent to the 

corneal-scleral junction (5 mm wide). The equatorial region was decided as a 

circumferential belt located midway between the cornea-scleral junction and the 

posterior pole. The posterior scleral region was located at the posterior pole of the 

eye, excluding the lamina cribrosa and optic nerve head.  

Tissues were then cut into small (<2 mm
2
) pieces with a razor blade and divided into 

four groups treated for 48 hours in room temperature.  In the first group, the 

specimens were incubated in ultra clean distilled water (control) (n=3 from each 

region for hydration and s-GAG quantification, n=1from each region for GAG 

staining). In the second group, they were incubated in α-amylase (A8220, Sigma-

Aldrich, St. Louis MO)  in distilled water at 2mg/ml (enzyme-treated)  (n=3 from 

each region for hydration and s-GAG quantification, n=1from each region for GAG 

staining).In the third group they were incubated in a modified Trizma buffer at pH 

8.0 with 60 mM sodium acetate and 0.02% bovine serum albumin aqueous (BSA) 

(control) (n=3 from each region for hydration and s-GAG quantification, n=1from 

each region for GAG staining). In the last group, they were incubated in Trizma 

buffer containing ChABC (Lyophilized (protease free), C2905, Sigma-Aldrich, St. 

Louis MO) at 0.5units/ml in the modified Trizma buffer (n=3 from each region for 

hydration and s-GAG quantification, n=1from each region for GAG staining). The 
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detailed protocol including the solutions used for s-GAG degradation can be found 

in section A of the Appendix. 

3.2.2 Coomassie blue staining   

In-gel protein visualisation has been facilitated by the use of an extensive and 

diverse array of stains. For 50 years, Coomassie Blue has been used to quantitatively 

assess proteins in-gel by densitometry. In recent years, proprotein detection accuracy 

has greatly increased, and it is now one of the most widely used methods with high-

resolution results.(Gauci et al., 2013) 

The Coomassie blue staining and dimethylmethylene blue assays were used here for 

analyse the depletion of PGs using two enzymes. Followed by sample preparation, 

the treated tissues were immediately frozen by liquid nitrogen, pulverised, then 

homogenised at 4°C overnight in 4 M guanidine-HCl containing 0.01 M sodium 

acetate, 0.01 M sodium EDTA, and protease inhibitor. The tissue residues were 

removed by centrifugation, with the supernatant collected by ECM protein extraction. 

The extracts were applied to dialysis for desalting, and lyophilised for harvesting the 

ECM protein powders. Lyophilised samples were subjected to gel electrophoresis 

analyses. 

A urea solution of 7M with 1% SDS in 25 mM Tris-HCl (pH 7.0) and 2 mM PMSF 

(Sigma, USA) was added to solubilise 20 μg of protein powder. The concentration of 

protein lysates was measured using the BCA Protein Assay Kit (Bio-Rad, USA) 

according to the manufacturer’s protocol. A colorimetric analysis was performed 

with a SpectraMax Plus plate reader. The lysates were then boiled at 95°C for 10 

min and made ready for electrophoresis. The protein lysates were loaded onto 
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gradient gels and subjected to electrophoresis (100 V for 60 min) under reducing 

conditions. After electrophoresis, the gels were stained with 0.1% (w/v) Coomassie 

Brilliant Blue R-250 for 24 hours and then destained by soaking for at least 2 hours 

in 10% acetic acid, 50% methanol, and 40% H2O with at least two changes of this 

solvent. Finally the gels were imaged using a flatbed scanner (model BIO-5000 

Bioscanner, Microtek, Hsinchu, Taiwan.) were used for imaging.  

3.2.3 Dimethylmethylene blue (DMMB) assay  

Dimethylmethylene blue assay is a method developed in an attempt to meet 

researchers’ demands for a rapid, simple assay using readily available equipment. In 

the past decades, many groups undertook the onerous task of creating an easy, 

sensitive, and repeatable assay to quantify PG as s-GAG. For this purpose, attention 

was directed to spectrophotometric assays, including the dimethylmethylene blue 

assay. The 1,9-dimethylmethylene blue (DMMB) assay is widely used to measure 

sulphated GAGs in a variety of tissues and body fluids. This assay is based on the 

metachromatic property, which is the colour change (from blue to pink) produced by 

combining thiazine dyes with polyanions in biological tissues or fluids (Peters et al., 

2008). It particularly shows reactions with chondroitin sulphates A and C, as well as 

keratan sulphate. 

For this study, all treated samples were digested with an equal volume of papain (10 

units/ml) in papain digestion buffer (1.36 g sodium acetate, 0.0326 g N-acetyl 

cysteine, 24 mM EDTA tetrasodium salt (0.48 ml of 0.5 M stock), 50 mM L-

cysteine (87.8mg) made up to 100 ml, pH 5.8) at 60°C overnight. The papain-

digested sclera samples were diluted 1:5 with water to make a total volume of 40 μl. 
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Subsequently, 250 μl of DMMB dye was added to each well. Results were read 

immediately from the plate reader at an absorbance of 570 nm. The s-GAG content 

was reported in μg/mg dry tissue weight by inferring the dry weight from the wet 

weight using the hydration data for the corresponding experimental group and 

quadrant. The solutions and detailed protocol used for s-GAG quantification can be 

found in the Appendix A. Enzymes used in this study were stored in -80
o
C before 

use and personal protective equipment including gloves and lab coat were worn 

when handling enzymes to avoid contaminations.  

3.2.4 Data analysis and statistics 

sGAG content results were analysed with Origin (OriginPro 9.0) and expressed as 

mean ± standard deviations. Statistical significance was evaluated using the one-way 

ANOVA. 

3.3 Results and Discussion 

3.3.1 Regional analysis of PG core proteins 

PGs were extracted from equal wet weights of anterior, equatorial, and posterior 

sclera and subjected to gel electrophoresis followed by Coomassie Blue staining. 

Protein bands were detected at 270, 130, 66 and 52 kDa (Fig. 3) in control groups 

without enzymatic digestion (A-, E-, P-). After digestion with ∝ -amylase and 

chondroitinase ABC, four major core proteins were detected, migrating at 

approximately 270, 130, 66 and 52 kDa. However, there were significant regional 

differences observed after incubation with ∝-amylase and chondroitinase ABC.  
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Figure 3.4 SDS-PAGE patterns of α-amylase incubated scleral protein. α-amylase 

incubated protein from anterior (A
+
), equatorial (E

+
), and posterior regions (P

+
) each 

displayed a banding pattern distinct from the three regions from the control (A
-
, E

-
 

and P
-
). Gels were stained with Coomassie Blue. 

 

As shown in Figure 3.4, in the enzyme digested groups (E+, P+), no difference was 

found in the equatorial and posterior regions between control (lane 6) and with α-

amylase (lane 5). However, there were significant regional differences observed in 

anterior region after incubated with α-amylase. Proteins with the molecular weight 
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of 270, 130, 66 and 52  kDa were all affected after enzymatic digestion with α-

amylase. The results implied that the PGs in anterior region of sclera could be 

cleaved by α-amylase.  

 

Figure 3.5 shows the pattern of chondroitinase ABC incubated with scleral protein. 

In the presence of chondroitinase ABC (A+, E+ and P+), the intensity of proteins 

with the molecular weight of 270 and 130 kDa were significantly reduced and 

digested by the enzyme. The patterns of all three regions were similar. The results 

suggested that large proteoglycans in whole sclera were cleaved by chondroitinase 

ABC. Different from α-amylase, Chondroitinase ABC shows no effect on the protein 

with the molecular weight smaller than 66 and 52 kDa in all three regions.  
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Figure 3.5 SDS-PAGE patterns of chondroitinase ABC incubated with scleral 

protein.  Chondroitinase ABC incubated proteins from anterior (A+), equatorial (E+), 

and posterior regions (P+) each displayed a banding pattern distinct from the three 

regions from the control (A-, E- and P-). Gels were stained with Coomassie Blue. 

 

3.3.2 Regional analysis of s-GAG quantification 

The standard curve for the DMMB assay is shown in Figure 3.6.  
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Figure 3.6  Calibration curve using Chondroitin Sulphate C (shark cartilage, Sigma 

C-4384) as standard. 

The total s-GAG was measured from the anterior, equatorial, and posterior scleral 

regions of five porcine eyes. Scleral s-GAG content was obtained for the following 

three experimental groups: control, ∝-amylase, and chondroitinase ABC (Figure 3.7).  
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 reduced in (%) vs control group p 
amylase A  55.3 * 
amylase E  42.5 * 
amylase P 18.6 ** 
chondroitinase A 4.5  

chondroitinase E 11.4 ** 
chondroitinase P 14.0 ** 
 

Figure 3.7 s-GAG content measurement from anterior, equatorial, and posterior 

scleral regions of porcine sclera.  Result are divided into three experimental groups: 

control, ∝-amylase, and chondroitinase ABC. (The standard deviations in this figure 

are too small to illustrate). 

In the control group, the posterior region showed the highest level of s-GAG content 

(0.088 μg/mg), followed by the anterior region (0.083 μg/mg) and equatorial region 

(0.080 μg/mg). In the ∝-amylase group, statistical analysis showed a significant 

reduction of s-GAG content by 55.3% (p ≤ 0.05) in the anterior region, 42.5% 

( p ≤ 0.05) in the equatorial region, and 18.6% (p ≤ 0.01) in the posterior region on 

average compared to controls. The s-GAG content was not significantly different 

between the control and chondroitinase ABC groups in the anterior region. However, 



63 

 

 

 

the equatorial region showed decreases in s-GAG content by 11.4% (p ≤ 0.01) on 

average compared to controls, and 14.0% (p ≤ 0.01) in the posterior region.  

 

 

 
Figure3.8 Standard deviations of s-GAG content measurement from three regions of 

porcine sclera.  Results are divided into three experimental groups: control, ∝-

amylase, and chondroitinase ABC. 

The variation in s-GAG content between samples (standard deviation) value within 

each group is very small compared to the average s-GAG content. However, this 

variation is significantly greater in enzyme-treated groups in the anterior and 

equatorial regions.   

Changes in the ECM structure of the eyewall have been reported with both glaucoma 

and myopia (Rada et al., 1994, Murienne et al., 2016). These include variations in 

the PG content. As mentioned earlier, GAGs are polysaccharide chains of various 

lengths, the majority of which bind to core proteins to form PGs. The human 

posterior sclera is particularly rich in chondroitin sulphate GAG side chains, from 

the abundant presence of aggrecan, and in dermatan sulphate chains. An abnormal 
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accumulation of GAGs was reported in some portions of the anterior segment and in 

the lamina cribrosa of glaucomatous human eyes (Knepper et al., 1996). Similarly, 

rat and monkey lamina cribrosa showed a higher chondroitin sulphate content when 

subjected to IOP elevation (Murienne et al., 2015). A decrease in the overall GAG 

content was found in the sclera of myopic human eyes, also a decrease of s-GAG 

content was measured in tree shrew eyes with form deprivation myopia (Harper and 

Summers, 2015b). A decrease in GAG synthesis was also reported in the posterior 

sclera of form-deprived myopic tree shrew and monkey eyes (Rada et al., 2006). 

It seems that PG interactions with collagen not only occurs through binding of the 

core protein, but also through electrostatic interaction of the GAGs themselves as 

shown in vitro (Rada et al., 1993). The majority of GAGs are highly polar, attracting 

water due to their negatively charged carboxyl and sulphated groups. Their fixed 

charge density also creates repulsion and attraction forces among themselves and 

with the collagen fibrils, respectively. As a result, the GAG content regulates tissue 

hydration by determining the number of polar sites for water binding as well as 

tissue osmotic pressure (Raspanti et al., 2008). However, tissue swelling is limited 

by the hydration state of the tissue, the stiffness of the collagen network, as well as 

the repulsion and interactions between the GAGs that determine the space for free 

water uptake (Scott, 1988). GAGs have been hypothesised to regulate the collagen 

interfibrillar spacing through their water-binding capacity, osmotic pressure, GAG 

charge repulsion, and GAG antiparallel interactions. GAGs have also been shown to 

regulate collagen fibrillogenesis in vitro under certain conditions, specifically 

affecting the rate of fibril formation and fibril diameter (Kurylo et al., 2016). 
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For the GAG composition of the human sclera, previously reported data indicated 

that the sclera contains chondroitin sulphate (28% to 48%), dermatan sulphate (29% 

to 49%), heparan sulphate (2% to 12%), and hyaluronan (19% to 33%) (Borcherding 

et al., 1975). The amount of each GAG present varies within different regions of the 

sclera and with age. There are also significant regional variations of GAGs in the 

sclera. For the s-GAG content in scleral regions, chondroitin sulphate increases from 

the equator to the posterior region and reaches maximum concentration at 2 mm 

around the fovea. The peripapillary area contains a high concentration of dermatan 

sulphate. The concentration of heparin sulphate is low throughout the sclera but 

highest in the anterior region to the equator, especially in the nasal limbus (Trier, et 

al., 1990). Concentrations and distributions of s-GAG in the sclera are shown in 

Figure 2.8 in Chapter 2. 

From the s-GAG content measurement results in this study, the highest level of s-

GAG was in the posterior region, while the lowest was in the equatorial region. The 

trend of the data is consistent with those previously measured in all three regions in 

the human sclera (Rada et al., 2000a).  

The s-GAG content measurement result in tissue incubated with ∝ -amylase 

compared with control showed reductions in all three regions. This result, along with 

the protein analyses, indicates that ∝-amylase results in proteoglycan depletion. 

However, the s-GAG content is reduced the most in the anterior region and least in 

the posterior region. This trend is the opposite of incubation with chondroitinase 

ABC, which is reduced most in the posterior region and least in the anterior region. 

This reduction shows the matches the distribution of chondroitin and dermatin 
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sulphate GAGs in the sclera.  This difference indicates that ∝-amylase has no effect 

on the s-GAGs depleted by chondroitinase ABC, namely, chondroitin sulphate and 

dermatan sulphate. 

Decorin, biglycan, aggrecan, and other small interstitial leucine-rich repeat 

proteoglycans (SLRPs) have been reported in sclera by Rada et al. (Rada et al., 2015, 

Rada et al., 2006, Rada et al., 1997, Rada et al., 2000a, Norton and Rada, 1995)  as 

shown in Table 3.1. SLRPs are key regulators of collagen fibril and matrix assembly. 

The most abundant SLRPs in the sclera are decorin and biglycan, with one or two 

dermatan/chondroitin sulphate GAG chains, respectively. Decorin and biglycan 

share a common binding site for type I collagen, with decorin binding to type I 

collagen with a greater affinity than biglycan. Aggrecan was found in sclera in 1997 

(Rada et al., 1997) and has been suggested to play an important role, as it does in the 

cartilage, in providing the sclera with compressive stiffness and the ability to resist 

the tensile stresses resulting from changes in intraocular pressure. A list of PGs 

found in sclera is shown in Table 3.1.  

Table 3.1 PGs in the sclera and their core protein weight, apparent molecular masses, 

and s-GAG chains.(Young et al., 2003, Kurylo et al., 2016, Michelacci et al., 2003, 

Dunlevy and Rada, 2004)  

Proteoglycan 
Core protein 

(kDa) 

Apparent 

molecular masses 

(kDa) 

Glycosaminoglycan 

(number of chains) 

Decorin 38.8 90-140 CS, DS 

Biglycan 42 >200 CS, DS 

Fibromodulin 42 67 KS 
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Syndecan-1 ~32 77 HS 

Lumican 70~80 >200 Unsulphate KS 

Aggrecan 210~250  >2,500 CS, KS 

 

For this study, there are significant variations in the pattern of scleral protein 

incubated with α-amylase and chondroitinase ABC. α-amylase is most impactful in 

the anterior region, and least in the posterior region. Conversely, chondroitinase 

ABC shows the most effective in the posterior region and least in the anterior 

region. Furthermore, chondroitinase shows an effect on proteins in weight 130 

and 270 kDa, especially in the posterior region. The proteins affected by 

chondroitinase share similarities in the regional distribution and apparent 

molecular weight with decorin and biglycan. However, no change was found in 

the sclera protein with weights 66 and 52 kDa in all three regions incubated with 

chondroitinase ABC. α-amylase results in a decrease in density of all bands in 

270, 130, 66 and 52kDa in the anterior region, but none in the posterior region. 

Although α-amylase depletes PGs with apparent molecular weights 270 and 130, 

this regional distribution suggests the proteoglycan depleted by α-amylase are 

not decorin and biglycan. 

Although this result shows that α-amylase will cause proteoglycan depletion in 

the sclera tissue, the types of PGs that effect by α-amylase still need to be further 

investigated. The exact PGs that depleted by α-amylase can be identified using 

protein quantification technique like mass spectrometry or western blotting.  
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Finally, the possibility of enzyme contamination must be considered in this study. 

An impure enzyme could cause uncertainty in the result like difference in results 

between each treatment (large standard deviations). Enzyme contamination can 

be avoided by using inhibitors.  

3.4 Conclusion  

This chapter explored the two enzymes used in this study by protein analysis and s-

GAG content measurement. Findings from this chapter will be used to provide a 

better understanding of the role that play in the nanostructure and mechanical 

function of the sclera. The main findings were: 

 The significant reduction of PGs that were observed following the tissue 

being incubated with the enzymes indicated that both α-amylase and 

chondroitinase ABC result in proteoglycan depletion in the sclera tissue. 

 Unlike assumed in previous studies on the effect of proteoglycan 

depletion on scleral mechanical properties (Murienne et al., 2016) the 

effects of both α-amylase and chondroitinase ABC on PGs are not 

regionally homogenous.  

 The two enzymes used for proteoglycan depletion in this study target 

different type of PGs.   
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Chapter 4 Collagen fibril Structure Mapping with AFM  

4.1 Introduction 

The sclera response to the mechanical maintains the eye’s shape by maintaining 

intra-ocular pressure. It also protects the eye from external harms.  Type I, III, V, VI, 

and XII collagen are present in sclera and they exist in different collagenous 

structural groups (Table 4.1 ), including fibrillar collagen and non-fibrillar collagen 

groups (Keeley et al., 1984, Jerome et al., 1957). Among all types of fibrillar 

collagen, type I collagen (99%) is primarily composed in the sclera.  

Table 4. 2 Collagen types within the sclera (Meek, 2008, Shoulders and Raines, 2009, 

Karsdal et al., 2016) 

Type Nano-Structure Structure Class Main Function 

I  
300nm molecule length, 
67nm banded fibrils 

Fibrillar Resistance to tension 

III  67nm banded fibrils Fibrillar 
Structural maintenance in 
expansible organs 

V 
390nm molecule, N-terminal 
globular domain 

Fibrillar 
Participates in type I collagen 
function 

XII 
Large N-terminal domain; 
interacts with type I collagen 

FACIT  Interacts with type I collagen 

VI Non-fibrillar collagen Network  Maintaining tissue integrity 

 

Unlike in the cornea (fibril diameter around 30nm), fibrils in sclera have a wide 

range of diameters (between 25 and 260 nm) (Yamamoto et al., 2000, Watson and 

Young, 2004). Fibrils in sclera group together into collagen bundles ~0.5-0.6 µm 

thick; these collagen bundles are knitted together in different orientations, all 

contributing to the structural framework of the sclera. The most characteristic feature 
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of a collagen fibril is its D-periodicity. For collagen types I and III, the D-periodicity 

= 67nm. This is dictated by the collagen molecule’s banding pattern. Collagen fibril 

structure studies were first proposed by Hodge and Petuska (Hodge, 1963), and 

many groups have made efforts in this field since then. Apart from collagen fibrils 

diameter and D-period, Spitzner et al. (2015) has revealed that Gap-zone (Gap 

between overlaps regions in collagen fibril) depth of  type I collagen fibrils is highly 

influenced by collagen fibril hydration level. Figure 4.1 shows the single Type I 

collagen surface profiles in different level of relative humidity (RH).  

 

Figure 4.1 AFM images of the Type one collagen fibril surface profiles before (a), 

during (b), and after (c) swelling. (d) Mean of four adjacent profiles along the fibril’s 

main axis (grey) and a sinusoidal fit (black). The collagen gap zone depth reduced 

when hydration level increased. (Spitzner et al., 2015) 
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Collagen interacts with PGs and glycosaminoglycans during fibril formation, 

influencing the eventual numbered the thickness of collagen fibres, and possibly 

regulating the mature fibre (Watson and Hazleman, 2012a).ÖBrink (1973)has 

revealed that chondroitin sulphate, dermatan sulphate PGs accelerate fibre formation 

while keratan sulphate proteoglycan may have slight decelerating effect.  The 

collagen-proteoglycan interaction in and sclera has been observed by researchers 

with different techniques (Meek, 2008, Ho et al., 2014, Young, 1985a, Watson and 

Young, 2004). However, no research so far has observed the ultrastructure change in 

sclera tissue following proteoglycan depletion.   

Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and 

atomic force microscopy (AFM) are the most popular methods for collagen structure 

imaging (Robinson et al., 2017, Yang et al., 2015, Wang et al., 2015). SEM and 

AFM can both provide high resolution, 3D images. TEM provides 2D, cross-

sectional images that are often used for collagen fibril diameter measurements. 

However, it is difficult to use this technique on tissues like sclera, because the 

collagen fibrils in these tissues are “knitted” together, and they do not all flow in the 

same direction. SEM and AFM can both provide 3D images. SEM and TEM requires 

special treatment for the sample before testing, however, AFM sample preparation 

does not require sample treatment and the AFM samples can be tested in ambient 

conditions air, liquid, or other controlled environments. AFM provides topographic 

contrast direct from height measurement, and it does not need sharp edges or special 

image processing methods to generate good topographic contrast in images. Several 

studies have been already published on AFM observation of collagen fibrils. As for  

sclera, Meller et al (Meller et al., 1997)observed slices of the human sclera tissue by 
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AFM in a contact mode. On the other hand, we previously (Yamamoto et al., 2000) 

investigated isolated bovine and human scleral(Yamamoto et al., 2002) collagen 

fibrils with a noncontact-mode AFM and analysed the ultrastructure of the collagen 

fibrils. Furthermore,   there are other studies also measured collagen fibrils structure 

while testing their mechanical properties. Collagen fibrils structure results from 

previous studies are shown in Table 4.2.  

Table 4.2 Morphological characteristics of scleral collagen fibres studied by various 

techniques.  

Author  Tissue  Technique  D-periodicity 

(nm) 
Diameter  

(nm) 
Gap zone 

depth 

(nm) 
Spitznas et al. (1970) Rabbit 

sclera 
SEM & 

TEM 
70 150–250 - 

Spitznas and Hogan 

(1970) 
Human 

sclera 
SEM & 

TEM 
65 62–125 - 

 Komai and Ushik 

(1991)  

 

Human 

sclera 
TEM - 20–230 - 

Fullwood et al. (1995)  bovine 

sclera 
AFM 55–67 up to 900 - 

Meller et al. (1997) Human 

sclera 
AFM 77 118 - 1268 ~ 0.42 

Yamamoto et al. (2002) Human 

sclera 
AFM 65.7 ± 1.1  204.2 ±62.9 6.16  ± 1.3 

Grant et al. (2011b) Porcine 

sclera 

AFM 64.2 ± 2.0 - - 

Choi et al. (2011) Human 

sclera 
AFM 69.1 ± 14.2 98 - 220 - 

Papi et al. (2014) Porcine 

sclera 
AFM - 104 - 294 - 

 

Most of the previous studies measured the collagen structure manually with AFM 

build-in software.   Method of measuring collagen diameter and D-periodicity shows 
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in Figure 4.2. in this method, researcher manually draw a line along collagen fibrils 

and read the height curve from this line, then calculate the diameter and D-

periodicity  with this curve.  This method may cause errors since the result value 

could be greatly influenced by the orientation of the line. This error cannot be 

eliminate even a software is used for drawing a straight line since the collagen fibril 

has its natural curve.  

 

Figure 4.2 outer layer of hydrated human scleral collagen fibril diameter (C) and D-

period (D) measurements using line profiling plots on AFM topography (A) and 

deflection images (B) in a scan size of 5 × 5 µm
2
.(Lee et al., 2011) 

4.2 Method  

4.2.1 Sample preparation  

Collection and cleaning in accordance with the preparation method in chapter 2, 

porcine  scleras from five porcine eyes were then dissected into anterior, equatorial, 

and posterior regions. Three locations of 4 mm
2
 blocks were taken from each region 

by a double-blade cutting tool; the location of the cuts is shown in Figure 4.3. The 
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dissected tissue was then embedded (outer layer up) in optimal cutting temperature 

(OCT) resin (Tissue-Tek, CellPath, Powys, UK), tissue locations and directions were 

labelled on the emerging cryomold (N: nasal, T: temporal. S: superior, I: inferior) for 

all sample. The embedded tissues were then snap-frozen with isopentane and liquid 

nitrogen for cryosectioning (with a Leica CM1850 cryostat, Leica Microsystems 

(UK) Ltd, Milton Keynes). Four Specimens with thickness of 5 μm were sectioned 

along the outer sclera from each block using a Leica CM1850 cryostat (Leica 

Microsystems (UK) Ltd, Milton Keynes), and they were then stored at -80
o
C until 

testing time.  

 

Figure 4. 3  Schematic of nasal view of a porcine eye globe (left) showing the 

anterior (A), equatorial (E), and posterior (P) regions from where the tissue was 

dissected, figure adapted from Papi et al. (2014). 

4.2.2 AFM Peakforce QNM in air 

Peakforce quantitative nanomechanical mapping (QNM) in air was used in this study 

for scleral tissue nanostructure mapping. The same technique however ever in liquid 

was used for mechanical mapping with same environment, frequency and scan size 
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(to keep the technique method consistent and the results comparable; see Chapter 5). 

Peakforce QNM is an AFM mode that is most suited for biological samples with 

structural heterogeneity (Pittenger et al., 2010b).  In probe scanning techniques with 

normal scan forces, there are two main causes of tip and sample damage. Any lateral 

force that the tip exerts on the sample will cause the sample to tear, and likewise, 

lateral force from a hard sample will cause tip damage (Pittenger, Erina & Su 2010). 

Peakforce QNM controls the maximum force (i.e. the PeakForce), allowing for the 

detection of quantitative nanomechanical data directly from the sample. 

Experiments were performed using a Bruker MultiMode 8 AFM and Tap150A 

probes (MPP-12120-10, Bruker Nano Inc., Nano Surfaces Division, Santa 

Barbara,CA). The probes (see Figure 4.4) were selected based on previous 

experiments on sclera tissue (Papi et al., 2014) and the recommendations of Bruker 

AXS for range of polymer Young’s moduli to be investigated (5-500MPa—values 

based on IIT measurements). 

 

Figure 4.4 Cantilever and tip used in this study (Bruker Nano Inc.) 
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The relative calibration method was used before every testing group. PhotoStress 

Coating 1 (PS1, modulus of elasticity= 2.7Gpa±0.1Gpa) was used as a reference 

sample to adjust the tip radius. Deflection sensitivity was tested on a sapphire sample 

(SAPPHIRE-12M, PFQNM-SMPKIT-12, Bruker Nano Inc., Nano Surfaces Division, 

Santa Barbara,CA). Spring constant was also measured with thermal tune. The 

reference samples was tested again for each sample to make sure that the results 

were accurate (as shown in Figure 4.5 ) 

 

Figure 4.5 PS1 reference sample DMT results from pre (A=2.72 GPa, C= 2.82 GPa) 

and post (B=2.86 GPa, D=2.86 GPa) testing for one sample while all parameter stay 

the same (Tip Radius: 12nm, Deflection sensitivity : 27 nm/V).   

The cryosectioned tissue (total n=180, Three regions of five eyes, three repeats 

sample for each region for each treatment group) was treated with the following 

solutions: 2mg/ml α-amylase in phosphate buffered saline (PBS), α-amylase (2 

mg/ml, from Aspergillus oryzae, Fungamyl® 800L, activity ≥0.8 units/g, Sigma-

Aldrich, St Louis, MO, USA) in distilled water, chondroitinase ABC (0.5unit/ml in  

a modified Trizma buffer at pH 8.0 with 60 mM sodium acetate and 0.02% BSA, 

C2905, Sigma-Aldrich, St Louis, MO, USA), 100% ultra-clean distilled water 

(control group), and 100% PBS (control group). All tests were conducted at room 

temperature (22
o
C). The specimens were rinsed carefully with distilled water to 
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remove OCT, and they were then left to dry for 30 minutes. Drying in room 

temperature for 30 minutes is the time for liquid vanish from sample surface and not 

cause sample dehydration, this has been decided by observing sample surface by 

using 40x optical microscope.  Before testing, 15 µm and 7 μm images were taken to 

finding the best testing locations. As shown in Figure 4.6, collagen fibrils in the 

selected bundle were complete (not covered or damaged by sectioning) and arranged 

along the same orientation.  

 

Figure 4.6 Selection of testing location.  (a) This figure shows a typical 15µm image 

and (b) This figure shows a typical 7µm image. The selection of collagen fibril 

bundle (red oval). Testing locations (1.5µm ×1.5µm) were chosen along this bundle. 

 

During testing, the starting point location on the specimens (i.e. where the point of 

testing parameters were: X-Offset=0, Y-Offset=0 and scan angle=0) was captured 

with an integrated optical microscope. Then, 10 images with a size of 1.5 µm × 1.5 

µm were captured along the selected bundle and the coordinates (X-Offset and Y-

Offset) of these locations were recorded. For the treatment, the specimen remained in 
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the AFM sample stage and was treated with a 0.04 ml solution (including the control 

group) for 1 hour and then washed with distilled water 3 times to stop any ongoing 

reaction. It was then dried for 30 minutes. The treatment testing start point (as shown 

in Figure 4.4) was found by the Matlab (Matlab 2013a) algorithm and the same 

locations and coordinates were captured again for comparison (Figure 4.7). Once all 

testing was complete, the reference sample (PS1) was tested again to ensure that the 

results were accurate. 

 

Figure 4.7 AFM probe scanning start point in (a) was found by Matlab localization 

algorithm after depletion (b). 

4.2.3 Image processing and analysis 

Collagen fibril topography parameter measurements (Figure 4.8a) were performed 

off-line on AFM height result images. Figure 4.8c shows the surface profiles of a 

single collagen fibril extracted manually from the AFM height image (Figure 4.8b) 

by using the ‘section’ tool (NanoScope Analysis 1.7, Bruker Nano Inc., Nano 

Surfaces Division, Santa Barbara, CA). The contiguous height difference of peak and 

valley on this curve were calculated automatically with Matlab script (Matlab 2013a) 

(b
)  

(a
)  
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as the gap zone depth. The contiguous horizontal difference of peak and peak on this 

curve was calculated with the same method as approximate D-periodicity. These 

results were used to decide the threshold of result filtering for the ‘rectangle’ method. 

 

Figure4.8 (a) Collagen fibril parameters (diameter, D-periodicity, and gap-zone 

depth) were measured and compared with image analysis techniques in this study. A 

single collagen fibril was selected manually from the (b) AFM height image for the 

gap zone depth measurement. The contiguous height difference of peak and valley in 

the (c) exported curve is the value of the gap zone depth; this was calculated through 

an algorithm. 

 

Collagen fibril diameter and D-periodicity were measured via the ‘rectangle’ method 

(Figure 4.9) using Image SXM (Barrett, 2008). Specific macros were developed for 

analysing collagen fibrils in AFM images with a resolution of ≥ 512
2 

pixels. 
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Figure4.9 Image processing and analysing method for the 'rectangle' method. 

 

During the ‘rectangle’ analysing method, collagen fibril edges in the original image 

(Figure 4.6 a) were sharpened through an unsharp masking method (b). The 

processed image was then binarized to a black and white image using an 

automatically selected threshold only to leave the collagen structure lines (c). In 

image (d), collagen structure lines were reduced to a single-pixel-wide skeleton for 

unification. The skeleton image was then copied, pasted, and shifted 1 pixel towards 

the marking direction (e) to increase the closed areas. The section of 1 D-period of a 

single collagen fibril was extracted as a rectangle; diameter and D-periodicity (‘a’ 

and ‘b’ values) were calculated through the following equations: 
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Diameter =  
𝐿

4
+  √(

𝐿

4
)2 − 𝐴  +  

2×𝑙𝑖𝑛𝑒2

𝐼𝑚𝑎𝑔𝑒 𝑆𝑖𝑧𝑒(𝑛𝑚)2                      (4.1) 

D − periodicity =  
𝐿

2
− 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 + 

2×𝑙𝑖𝑛𝑒2

𝐼𝑚𝑎𝑔𝑒 𝑆𝑖𝑧𝑒(𝑛𝑚)2                (4.2) 

Where L and A are the length and area of the ‘rectangle’, and ‘line’ is the number of 

AFM scanning lines. The error results were filtered out using D-periodicity 

thresholds that were predefined by the aforementioned method. 

4.2.4 Data analysis and statistics 

 

Collagen structure parameter results were analysed with Origin (OriginPro 9.0) and 

expressed as mean ± standard error of mean. Statistical significance between pre and 

post-treatment were evaluated using the one-way ANOVA. ( If a p-value is less than 

0.05, it is flagged with one star (*). If a p-value is less than 0.01, it is flagged with 

two stars (**). If a p-value is less than 0.001, it is flagged with three stars (***). If a 

p-value is less than 0.0001, it is flagged with four stars (****)) 

4.3 Results  

Each tissue sample was first scanned in room temperature without treatment; the 

scleral nanostructure was captured and analysed. Then the same collagen bundle  

(shown in Figure 4.10) was found again using the relocation method after treatment, 

and the collagen fibril parameters were measured for comparison.  
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Figure 4. 10 AFM images captured from same location on the same collagen bundle 

before and after treatment.  

 

Collagen fibril diameters and D-periodicities were calculated with the ‘rectangle’ 

method as mentioned in the methodology. And the collagen gap-zone depths were 

calculated using Matlab algorithm with the surface curve extracted with AFM build-

in software. Results showed below were from all three regions of five porcine eyes.  
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. 

Figure  4. 11. Collagen fibril diameter results in pre- and post-buffer treatment 

images (Total n= 900 images/group. Three regions of five eyes, three repeats sample 

for each region and ten images for each before and after each treatment).  

 

There was no statistical significant difference found in the collagen fibril diameter 

results after PBS treatment (Figure 4.11). Collagen fibril diameter increased 

significantly after incubation with 100% distilled. Collagen diameter decreased 

significantly after incubation with α-amylase  and chondroitinase ABC incubation. 
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Figure 4.12. Collagen fibrils D-periodicity results in pre- and post-buffer treatment 

images (n= 900 images/group, Three regions of five eyes, three repeats sample for 

each region and ten images for each before and after each treatment). 

 

There were no statistically significant differences found in the D-periodicity results 

(Figure 4.12) after any of the treatments. The mean value of collagen D-periodicity 

was between 60 and 70 nm. 
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Figure 4. 13 Collagen fibril gap zone depth results in pre- and post-buffer treatment 

images (n= 900 images/group, Three regions of five eyes, three repeats sample for 

each region and ten images for each before and after each treatment). 

 

Collagen fibril gap zone depth (Figure 4.13) decreased after being hydrated with 100% 

distilled water and PBS. It increased after α-amylase treatment and chondroitinase 

ABC treatment. 
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Figure 4. 14 Collagen fibrils fused after treatment with α-amylase. (a) is the 1.4μm 

AFM image before incubated with α-amylase and (b) is the image captured from 

same location on the tissue after incubation. White arrows indicated the locations of 

same collagen fibrils before and after incubation. 

 

Collagen fibril fusion was noticed in some small scale images (1.4μm) of the 

amylase-incubated tissue. As shown in Figure 4.14, distance between collagen fibrils 

became extremely small and the edge of collagen fibrils disappeared in the image 

after incubation. Some of the collagen band from one collagen fibril even seems 

‘’staged’’ into another fibrils.  
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Figure 4.15 Size 15μm images from AFM height channel captured from same 

locations before (a) and after (b) incubation with distilled water, PBS buffer and 

chondroitinase ABC. 

 

There were no visible differences in scleral collagen fibrils distribution from 15µm 

images before and after incubation with distilled water, PBS buffer and 

chondroitinase ABC in the same location (as shown in figure 4.15).  

 

Figure 4. 16 Collagen fibril bundles “split up” after α-amylase treatment. (a) is the 

15μm AFM image before incubated with α-amylase and (b) is the image captured 

from same location on the tissue after incubation. White arrows indicated the 

locations of same collagen fibril bundles before and after incubation. 

The larger (15µm × 15µm) images showed both orientation and distribution of 

collagen fibrils changed significantly after incubation of α-amylase.  As seen in 

Figure 4.16, in which the collagen fibril bundle can be seen to ‘split up’ after 

incubation. 
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4.4 Discussion and Conclusion 

PGs have been observed in small scale AFM images. Figure 4.15 shows the PGs and 

collagen fibrils interaction in the scleral tissue. Small proteoglycan exist in between 

the collagen fibrils in and are structurally closely associated with the collagen fibrils. 

As showed in the image (a) from Figure 4.17, almost all of the interfibrillar PGs in 

this AFM image connect between collagen fibrils from their gap zone areas. 

Suspected proteoglycan showed in image (b) is appeared to have similar sizer of big 

proteoglycan like hyaluronan (Han et al., 2017). (c) is the three-dimensional image 

that generated  from (a) and (b), the collagen-proteoglycan interaction from these 

image were quite similar to previous observation in the human sclera tissue (Figure 

3.2)(Watson and Young, 2004). 
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Figure 4.17 3D Schematic (c) of collagen and proteoglycan interaction based on 

AFM images. The small objects between the collagen fibrils in image (a) are 

interfibrillar proteoglycan (height channel image). The selected area image (b) shows 

suspected hyaluronan molecule (height channel image with 3D profiling). 

Previously, studies observing transverse section TEM images of collagen fibrils have 

found that the collagen fibril diameters changed from being abnormally small to very 

large with irregular contours after proteoglycan depletion (Harper and Summers, 

2015b, Robinson et al., 2017, Wang et al., 2015). These forms of changes to collagen 

structure have also been found in highly myopic eyes (as shown in Figure 4.18). 
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However, only a few studies have observed the nanostructure of the surface of 

collagen fibrils in scleral tissue after proteoglycan depletion. 

 

Figure 4.18 Collagen fibrils structures in highly myopic eyes captured by previous 

studies:  (a) Comparison between a normal, control, and highly myopic eye. 

Collagen fibrils became irregular in size, and abnormally small collagen fibrils are 

increased in all scleral layers in highly a myopic eye (McBrien et al., 2001). (b) 
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‘‘Star’’ shape collagen fibrils found in the cornea of a highly myopic eye (Harper 

and Summers, 2015a). 

 

In this study, collagen fibril ‘fusion’ and ‘splitting up’ have been found in 

proteoglycan-depleted tissues — both of these reactions to proteoglycan-depletion 

show how collagen fibrils lose regularity when they lack proteoglycan. The collagen 

fibril diameters significantly reduced after enzyme incubation, suggesting that an 

acute loss of proteoglycan will cause a reduction in collagen fibril size. These results 

have explained why collagen size and shape become irregular in transverse sections 

of collagen fibrils. They also show how PGs regulate collagen fibril assembly and 

interactions. Alteration in diameter and diameter range of collagen type I fibrils, 

abnormal collagen distribution has also been found in the proteoglycan deficient 

mice from previous study (Ameye and Young, 2002).  Results from this study have 

further demonstrated that rapid absent of proteoglycans will also cause collagen 

defect.  

Type I and III collagens are the only two types of fibrillar collagens found in sclera 

(Fratzl and Meek, 2008). D-periodicity for both of these two collagen is 67nm 

(Cameron et al., 2002). Results from this study have shown the D-period in scleral 

tissue to be between 60 and 70 nm. No statistically significant changes were seen in 

the incubated tissue, suggesting that the collagen fibrils were not degraded by the 

proteoglycan depletion. 

Previous studies have shown that the collagen gap zone depth provides an indication 

of the collagen fibril hydration level (Spitzner et al., 2015). Collagen gap zone depth 

increased after incubation with distilled water and PBS buffer. Collagen diameter 
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increased after incubation with distilled water and it remained unchanged after 

incubation with PBS buffer, suggesting that the collagen fibrils swelled in both 

dimensions after being hydrated with distilled water, but only in height after 

incubation with PBS buffer. Gap zone depth decreased after treatment with α-

amylase and chondroitinase ABC, suggesting that proteoglycan depletion reduced 

the function of collagen fibril hydration. 

This chapter studied the nanostructure of scleral tissue from all three regions and 

their structural response towards treatment with distilled water, PBS, α-amylase and 

chondroitinase ABC. Finding relevant to proteoglycan depletion from this chapter 

will be used to combine with the nano- and micromechanical result from following 

chapters for better understanding the scleral matrix changes following the 

proteoglycan depletion.  The main findings were: 

 Hydration with distilled water results scleral collagen fibril swelling in 

both diameter and height.  

 Unlike distilled water, treatment with PBS buffer leads to swelling only 

in scleral collagen fibril height.  

 Proteoglycan depletion leads to the reduction in collagen fibril size. 

However it does not change the collagen molecular structure.  

 The α-amylase changes the distribution of collagen fibrils, however no 

change in collagen distribution has been found in scleral tissue after 

incubation with chondroitinase ABC. 
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Chapter 5 Mechanical properties mapping following 

proteoglycan depletion  

5.1 Introduction  

The sclera’s shape changes in diseases like myopia and glaucoma (Summers Rada et 

al., 2006, Gupta et al., 2013). Studies have suggested that this change is caused by an 

alteration to its mechanical properties, specifically the posterior pole (Campbell et al., 

2014). Glaucoma is the second-leading cause of blindness in the world (Pascolini 

and Mariotti, 2012) and the damage caused it is considered to be dependent on 

scleral mechanical properties (Burgoyne et al., 2005). Myopia is a common anomaly 

of vision in which the light entering the focused area in front the retina is associated 

with an increased axial length of the eye, involving dramatic changes in scleral 

mechanical properties (McBrien et al., 2009). It is ubiquitous in certain populations 

including the Chinese, Japanese and Egyptian and the prevalence of myopia 

increases every year (Watson and Hazleman, 2012b). A meta-analysis was published 

in 2016 predicting that in the year 2050, the myopia rate worldwide is expected to be 

50% (Lagrèze and Schaeffel, 2017).  

Scleral extracellular matrix (ECM) structure changes have been reported in both 

glaucomatic and myopic eyes. These changes include a variation in GAG content 

(Knepper et al., 1996, Summers Rada et al., 2006). A decrease in the overall GAG 

content was found in myopic human eyes (Avetisov et al., 1983a) and a similar 

decrease in GAG content was measured in tree shrew eyes (McBrien et al., 2000), 
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monkey eyes (Rada et al., 2000b) and chicken eyes (Rada et al., 1994) with form-

deprivation myopia. Changes in the viscoelastic properties of the sclera also occur in 

glaucomatic and myopic eyes (Jia et al., 2016, Murienne et al., 2016, Coudrillier et 

al., 2015b, McBrien et al., 2009). PGs play an important role in the structure and 

mechanical behaviour of collagenous ECM tissues. Proteoglycan closely interacts 

with collagen fibrils, not only through the binding of the core protein (Raspanti et al., 

2008) but also through the electrostatic interaction of GAGs as shown in vitro (Rada 

et al., 1993).  GAGs are highly polar and attract water with their negatively charged 

carboxyl and sulphated groups. Their fixed-charge density also creates repulsion and 

attraction forces among themselves and nearby collagen fibrils, resulting in GAG 

content regulating tissue hydration by determining the number of polar sites for the 

water binding (Meek, 2008) and tissue osmotic pressure (Scott and Bosworth, 1990). 

The mechanical role of GAGs in collagenous tissue has been studied in various 

tissues by comparing their mechanical behaviour before and after GAG removal. 

However, the results of these studies are condition and tissue-specific and sometimes 

conflict (Eckert et al., 2013, Schmidt et al., 1990, Robinson et al., 2017). The 

mechanical functions of scleral tissues, especially in the posterior scleral region, 

have also been studied with various techniques (Murienne et al., 2016, Grytz and 

Siegwart, 2015, Grytz et al., 2014, Papi et al., 2014). However, none of  the studies 

compare the biomechanical function of PGs though all regions of the sclera. In this 

study, the effects of proteoglycan removal on nano-mechanical behaviour using 

atomic force microscopy (AFM) in the anterior region to the posterior region of 

porcine sclerae were investigated in order to infer the mechanical relevance of 

pathological changes in scleral proteoglycan content. 
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In an AFM, as shown in figure 5.1, a laser beam deflection system was used. The 

laser reflected from the back of the AFM lever onto a position-sensitive detector. 

AFM tips and cantilevers are typically microfabricated from Si or Si3N4 with a tip 

radius ranging from a few to 10s of nm. (Bruker Nano Inc.). The AFM measurement 

relies on the forces between the tip and scanning sample. These forces impact the 

generation of AFM images. Forces are not measured directly, but are calculated by 

measuring the movement and deflection of the tip as the parameters (such as 

stiffness of the cantilever) are already known.  

 

Figure 5. 1. The operating principle of a Bruker multi-mode AFM with peakforce 

QNM mode scanning sample surface. The force-distance curve at each tapping pixel 

is defined by: surface approach (1–2), point of deepest indentation (3), force release 

and surface restoration (4) and released cantilever (5).   

 

Peakforce quantitative nanomechanical mapping (QNM) mode was used for this 

study. This is an AFM mode that is suitable for biological sampling with structural 



97 

 

 

 

heterogeneity (Pittenger et al., 2010b) .  Compared to other AFM modes such as 

contact mode and tapping mode, Peakforce QNM performs a very fast force curve at 

every pixel in the image rather than calculating a time-average force during sample 

imaging (force curves and the information obtained are shown in figure 5.2). In 

probe scanning techniques with normal scan force, there are two main causes of tip 

and sample damage. Any lateral force that tips exertion on a sample will cause the 

sample to tear, and likewise, lateral force from a hard sample will also cause tip 

damage (Pittenger, Erina & Su 2010). Peakforce QNM controls the maximum force 

(peakforce), and this allows the detection of quantitative nanomechanical data 

directly from the sample, while the tip-sample contact area is minimized without 

sample or tip damage.  

 

Figure 5. 2 (a) Plot of force and Z position as a function of time (b). A force curve 

eliminates the time variable, plotting  Force vs. Z position. Edited from Veeco 

Instruments Inc. (2010) 

 

Unlike traditional AFM modes, Peakforce QNM mode can operate with a wide 

variety of standard AFM probes. It provides images at a relatively high speed and a 

high resolution. In PeakForce Tapping the probe is oscillated at a suggestion 
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frequency of 1~2 kHz with peak-to-peak amplitudes of 150~300 nm. Figure 5.2a 

represents the measured force on the probe during approach of the tip and the 

retraction. When the tip is at a distance from the surface (point A) there is little or no 

force on the tip. As it is approaching to the surface the cantilever is pulled down by 

attractive forces such as van der Waals, electrostatics or capillary forces. At point B 

the tip touches the surface and stays on the surface until the Z position reaches its 

lowest position (point C) while the force is increasing. The PeakForce arises at point 

C. The probe starts to withdraw and the force decreases until its minimum at point D. 

The adhesion is determined by the force at that point. The tip leaves the surface and 

only long-range forces affect the tip. When the tip-sample separation is at its 

maximum (point E) there is a very small or zero force. A constant force at point C is 

maintained by adjusting the extension of Z piezo through the feedback loop. 

Dependence of the force against the Z-position can be compared with force-

displacement curves that have usually been used in measuring mechanical properties 

of a sample. This method is faster than nanoindentation where an approach-retract 

cycle is performed at rate of 0.5 to 10 Hz (Sweers et al., 2011). Figure 2b illustrates 

the information which can be obtained. The most commonly used characteristics are 

elastic modulus, adhesion, energy dissipation and maximum deformation. When the 

force curve is complete it is then analysed to obtain the properties of the sample and 

the information is sent to one of the image data channel. (Malohlava et al., 2012) 

In peakforce QNM, the reduced Young’s modulus can be obtained in the Derjagin, 

Muller, Toropov (DMT) channel (see equation 4.1). This modulus is ideal for the 

biological tissue with non-negligible adhesion force in the contact area(Bouchonville 
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et al., 2016). The adhesive force between the tip and sample surface has been 

considered in the DMT model, the reduced Young’s modulus Er is given by: 

𝐸𝑟 =
3(𝐹𝑡𝑖𝑝−𝐹𝑎𝑑ℎ)

4√𝑅𝑑3
                                              (5.1) 

Here, the Ftip is the force on the tip, Fadh is the adhesive force between tip and sample 

surface, R is the AFM tip radius, and d is the deformation depth.(Young et al. 2011). 

If the Poisson’s ratio is known, the sample’s Young’s modulus Es can be calculated 

using Equation 5.1:  

 𝐸𝑟 = [
1−𝑣𝑠

2

𝐸𝑠
+

1−𝑣𝑡𝑖𝑝
2

𝐸𝑡𝑖𝑝
]

−1

                             (5.2) 

vs and vtip refer to the Poisson’s ratios of the sample and the tip. The sample’s 

Poisson’s ratios must be entered by the user into the system cantilever parameter.  

Previous study on compressive properties of human sclera tissue has measured that 

human sclera Poisson's ratio is from 0.46~ 0.50 (Battaglioli and Kamm, 1984). The 

reduced Young’s modulus could be used for a material with unknown Poisson's ratio.  

5.2 Method 

5.2.1 Sample preparation  

Scleral tissues were collected from the same eyes within chapter 4, cleaned of skin, 

fat, adherent muscle, retina and choroid then dissected into the anterior, equatorial 

and posterior regions. Blocks with size 4 mm
2
 were taken from each region with a 

double blade cutting tool, from the locations as shown in figure 5.3.  The dissected 
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tissue was then embedded in optimal cutting Temperature (OCT) resin (Tissue-Tek, 

CellPath, Powys, UK) and snap frozen with isopentane and liquid nitrogen for 

cryosectioning. Specimens were continuously sectioned vertically with a Leica 

CM1850 cryostat (Leica Microsystems (UK) Ltd, Milton Keynes) and numbered 

sequentially to make sure each testing point was approximately 5μm (specimen 

thickness) apart (figure 5.3). Specimen locations and thickness were decided 

according to previous studies on sclerae using AFM (Papi et al., 2014). All sectioned 

specimens were stored in -80
O
C freezer until testing. 

5.2.2 Incubation buffers  

Sclera samples (three samples from each region from each eye, n=108) were tested 

in four solutions: 2mg/ml Amylase in water, chondroitinase ABC for proteoglycan 

depletion testing and 100% ultra clean distilled water. 100% PBS solution (pH7.4) 

was the control group for monitoring the effect of rehydration on scleral tissue.  

5.2.3 AFM Peakforce QNM in liquid 

Experiments were performed using a Bruker MultiMode 8 AFM and SCANASYST-

FLUID (Bruker Nano Inc., Nano Surfaces Division, Santa Barbara, CA). The probes 

(see table 5.1) were selected based on previous experiments on scleral tissue (Papi et 

al., 2014) and the recommendations of Bruker AXS to investigate a range of polymer 

Young’s moduli. (5-500MPa—values based on IIT measurements) 

Table 5. 3 Information for the cantilever and tip used in this study (Bruker Nano Inc.) 
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Calibration method  

The relative calibration method was used in the experiment in deflection sensitivity, 

spring constant and tip radius. Deflection sensitivity and spring constant were 

calibrated by ramp on a clean glass coverslip. The spring constant was measured 

with a NanoScope thermal tune function. Tip radius and PeakForce Setpoint were 

calibrated using a calibration sample Polydimethylsiloxane (PDMS) with modulus of 

elasticity = 5.1±0.1MPa. To make the measured modulus equal to the known value 

of the reference sample, these two parameters were calibrated again after each 

testing to make sure the measured results were accurate. PeakoForce set point was 

settle to a constant value (0.05V), tip radius was not changed after each groups of 

testing (Typical tip radius from 18nm to 35nm). 

Mechanical testing 

Each sample was tested individually at room temperature (22
o
C). Before testing, 

OCT was washed off with distilled water.  
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Figure 5.3 Schematic diagram of the porcine eye globe (left) showing the anterior 

(A), equatorial (E) and posterior (p) regions from where the tissue was dissected. 

Tissue was sectioned vertically and numbered sequentially; probe location images 

captured in this figure show that same location of the specimen (upper inner corner) 

was selected as the testing location for one repeat of samples for four groups. 

 

During testing, locations with a scanning size of 7µm
2 

(where the scanning 

coordinates are X-Offset=0, Y-Offset=0 and scan angle=0) were selected by using 

scleral tissue’s natural curve shape. Five locations with size 1.4µm
2 

found from 7μm
2
 

images were captured for elastic measurement, and the coordinates of these locations 

was recorded. After five locations were captured, the sample was kept at AFM 

scanning stage for buffer treatment. Allsamples were incubated with a 0.04ml buffer 

for 40 minutes and washed with 100% ultra clean distilled water at least three times. 

After incubation, the same locations with the same scan sizes were found by using 

recorded coordinates and measured for comparison. Once one repeat of samples 
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from four groups was measured, the reference sample was tested again to ensure the 

results were accurate.  

5.2.4 Data analysis and statistics 

Mechanical property results were analysed by using OriginPro9 (OriginLab, 

Northampton, MA) and expressed as mean ± standard mean error. Intra-group 

homogeneity was studied via the Kruskal-Wallis ANOVA test to determine if there 

were significant variations between measurements of samples mechanical properties 

within each treatment group. Following this, group differences were assessed via 

suitable 2-sample independent tests selected after appraisal of data normality and 

homoscedasticity. The statistical significance of mechanical properties between 

incubation pre and post-treatment were evaluated with one way ANOVA. ( If a p-

value is less than 0.05, it is flagged with one star (*). If a p-value is less than 0.01, it 

is flagged with two stars (**). If a p-value is less than 0.001, it is flagged with three 

stars (***). If a p-value is less than 0.0001, it is flagged with four stars (****)) 

5.3  Results  

The Kruskal-Wallis ANOVA testing was performed for each group to make sure 

there is no measurement within in one incubation group was skewing the data. The 

test confirmed that there were no significant difference between samples in the same 

incubation group (Kruskal-Wallis ANOVA, p>0.05). The mechanical results were 

compared between specimens measured in the same location, pre and post-treatment.  
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Figure 5.4 AFM PeakForce QNM image with size 7μm
2 

from 2D (A) and 3D (C) 

DMT Modulus channel and modulus plot from a selected collagen fibril (B).(D) is a 

typical  deformation curve for the tissue. 

 

Surface DMT modulus from scanning image (figure 5.4) shows the mechanical 

properties of collagen fibrils are significantly higher than the extrafibrillar matrix 

between two fibrils.  For a single collagen fibril, the mechanical properties of gap-

zone are significantly lower than the overlap zone. This result is consistent with a 

previous study(Grant et al., 2008). 
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Figure 5. 5 Elastic modulus changes following buffer treatment in all scleral regions 

(n= 900 images/group, 450 pre and 450 post-treatment). 

 

For the overall results (Figure 5.5), the elastic modulus reduced after incubation with 

α-amylase and chondroitinase ABC. There was no statistically significant change 

after incubation with ultra clean distilled water.  
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Figure 5. 6 Elastic modulus result following four treatments in anterior scleral 

regions (n= 300 images/group, 150 pre and 150 post-treatment). 

 

For the results in the anterior region (Figure 5.6), the elastic modulus reduced after 

incubation with α-amylase and chondroitinase ABC. There was no statistically 

significant difference after incubation with ultra clean distilled water and PBS 

solution. 
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Figure 5. 7 Elastic modulus result following four treatments in scleral equatorial 

regions (n= 300 images/group, 150 pre and 150 post-treatment). 

 

For the result in the equatorial region (Figure 5.7), the elastic modulus reduced after 

incubation with α-amylase and chondroitinase ABC There was no statistically 

significant difference after incubation with ultra clean distilled water, however a 

significant increase of elastic modulus was found in the specimen incubated with 

PBS solution.. 
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Figure 5. 8 Elastic modulus changes following buffer treatment in posterior scleral 

regions (n= 300 images/group, 150 pre and 150 post-treatment). 

 

In the anterior region (Figure 5.8), the elastic modulus reduced after incubation with 

chondroitinase ABC however not with α-amylase. There was no statistically 

significant difference after incubation with ultra clean distilled water. An increase of 

the elastic modulus was found in specimens incubated with PBS solution. 
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Figure 5. 9 Decrease of elastic modulus in all three regions after being incubated 

with chondroitinase ABC. 

 

The elastic modulus was reduced in all three scleral regions after being incubated 

with chondroitinase ABC (Figure 5.9). However, these reductions were not constant 

through the three regions of sclera. The elastic modulus reduced by 37.87% ± 6.73 in 

the anterior region, 54.01% ± 6.06 in the equatorial region and 63.92% ± 1.46 in the 

posterior region.  
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Figure 5. 10 Decrease of elastic modulus in all three regions after being incubated 

with α-amylase. 

The elastic modulus was reduced in all three scleral regions after being incubated 

with α-amylase in distilled water (Figure 5.10).  However, these reductions were not 

constant across the three regions of sclera. The elastic modulus reduced 57.80% ± 

18.74 in the anterior region, 72.73% ± 5.89 in the equatorial region and 32.26% ± 

8.92 in the posterior region. 
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Table 5. 4 Comparison of mechanical outcome, expressed as a mean value with the 

standard error of mean, p-value and difference in percentage between pre and post- 

buffer treatment.  

Regions Treatment 
Pre mean 

±SE (MPa) 

Post mean 

± SE 

(MPa) 

P value 
Difference ± 

SE (%) 

Anterior 

Region 

100% Distilled water  1.54±0.10 1.14±0.09 >0.05 - 

100% PBS 1.28±0.40 1.31±0.37 >0.05 - 

Amylase in distilled water 1.77±0.43 0.75±0.13 0.020 -57.80±18.74 

Chondroitinase ABC 1.50±0.13 0.93±0.06 0.005 -37.87±6.73 

Equatorial 

Region 

100% Distilled water  1.14±0.09 0.84±0.10 >0.05 - 

100% PBS 0.22±0.01 0.45±0.10 0.004 118.61±45.70 

Amylase in distilled water 0.66±0.06 0.18±0.07 0.000 -72.73±5.89 

Chondroitinase ABC 1.28±0.17 0.59±0.08 0.003 -54.00±6.06 

Posterior 

Region 

100% Distilled water  1.45±0.08 1.34±0.10 >0.05 - 

100% PBS 0.84±0.06 1.04±0.14 0.003 24.14±13.77 

Amylase in distilled water 1.32±0.22 0.90±0.14 >0.05 -32.26±8.92 

Chondroitinase ABC 1.42±0.03 0.51±0.03 0.000 -63.92±1.46 

All 

Regions 

100% Distilled water  1.11±0.08 0.95±0.07 >0.05 - 

100% PBS 0.62±0.09 0.79±0.09 >0.05 27.32±16.39 

Amylase in distilled water 0.98±0.13 0.48±0.08 0.001 -51.03±6.74 

Chondroitinase ABC 1.32±0.07 0.70±0.05 0.000 -46.75±4.86 

 

5.4 Discussion and Conclusion  

5.4.1 Scleral nanomechanical change following hydration with distilled water 

and PBS buffer  

The elastic modulus stayed unchanged in the anterior, equatorial region after being 

incubated with PBS buffer (pH7.4, NaCI 137mmol/L). However, there was a 

increase in the posterior region and the overall scleral elastic modulus. A similar 

increase of mechanical properties was found in single collagen fibril treated with a 

high concentration water-based salt solution in a previous study (Figure 5.11) (Grant 

et al., 2009).   
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Figure 5. 11 Increase of the elastic modulus of collagen fibrils as a function of NaCl 

concentration. (Grant et al., 2009) 

Previous studies on hydrated human corneal stroma indicate that the elasticity 

modulus of collagen decreases while the hydration level increases (Xia et al. 2014). 

Other studies have shown that a drop in the elastic modulus of two or three orders of 

magnitude will be led by water penetrating the collagen fibril structure (Grant et al. 

2008, van der Rijt, Joost A. J. et al. 2006, Yang et al. 2008). In this study, the mean 

value of the elastic modulus decreased in all three regions after hydration with 

distilled water (25.84% in the anterior region, 26.83% in the equatorial region and 

7.43 in the posterior region). However no statistical difference was found.  
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5.4.2 Scleral nanomechanical change following enzyme treatment 

Chondroitinase ABC and α-amylase are the two main enzymes used in previous 

studies into collagenous tissue and mechanical properties following proteoglycan 

depletion (Watanabe et al., 1997, Wollensak et al., 2011, Murienne et al., 2016, 

Murienne et al., 2015). In these two enzymes, chondroitinase ABC is a well-studied 

enzyme that specifically degrades chondroitin and dermatan sulphate. Although the 

possible effects of α-amylase on proteoglycan have been pointed out by previous 

studies (Quintarelli et al., 1969), none of these studies have researched the specific 

effects of α-amylase on proteoglycan. It is important to study the effect of α-amylase 

on eye tissue because the concentration of amylase is enhanced in keratoconus 

patients (Spoerl et al., 2012). In addition, α-amylase is one of the enzymes that exists 

in tear fluid and makes continuous contact with the eye (Van Haeringen et al., 1975).  

As seen in this study, elastic modulus decreases in all regions after being incubated 

with both enzymes. However, the reduction of two enzymes was different across the 

three scleral regions. The elastic modulus reduced most in the posterior region and 

least in anterior region after being incubated with Chondroitinase ABC, which shows 

a similar distribution of chondroitin and dermatan sulphate and proteoglycan 

measurement result in chapter 2. The α-amylase shows different effects in 

distribution of sclera. The elastic modulus reduced most in equatorial region (instead 

of anterior region) and least in the posterior region, this result is not constant with 

proteoglycan measurement result in chapter 2. this difference indicated that α-

amylase may has effect on other components from sclera matrix that exceeded the 

measurement range in chapter 2 that contribute to the tissue nanomechanical 

properties. The standard error of mean of reductions in the mechanical modulus after 
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α-amylase incubation was greater than chondroitinase ABC, showing that the effect 

of α-amylase on scleral tissue is less stable than the effect of chondroitinase ABC. 

However, the change in samples treated with chondroitinase ABC was more 

significant than those treated with α-amylase shows chondroitinase ABC has more 

effect in nano-level elastic modulus.  

This chapter studied the nanomechanical properties scleral tissue from different 

regions and their mechanical response towards treatment with distilled water, PBS, 

α-amylase and chondroitinase ABC. Finding relevant to proteoglycan depletion from 

this chapter will be used to combine with the micromechanical result from next 

chapter for better understanding the scleral mechanical changes following the 

proteoglycan depletion.  The main findings were: 

 Nanomechanical properties decreased in all three scleral regions after 

hydration with distilled water.  

 Treatment with PBS has caused an increase of regional average 

nanomechanical in the sclera. 

 Proteoglycan depletion will leads to significant reduction of scleral 

nanomechanical properties.  

 There were significant regional differences in the reduction caused by α-

Amylase and chondroitinase ABC. This indicated that different type of 

proteoglycan has different contribution towards scleral nano-mechanical 

properties. 
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Chapter 6: Mapping mechanical properties at a microscale 

following proteoglycan depletion by nanoindentation.  

6.1 Introduction  

Biological tissues like the sclera have a multiscale organisation (Figure 6.1). The aim 

of this chapter is to measure the scleral mechanical properties at a larger scale. 

Unlike the previous chapter, this chapter studies the mechanical properties of the 

tissue matrix instead of only that of collagen fibrils. Proteoglycan depletion with α-

amylase and chondroitinase ABC was also carried out in this chapter to determine 

the change in the mechanical properties of tissue matrix following proteoglycan 

depletion.  

 

Figure 6.1. Scleral collagen fibrils and tissue matrix structure at the nanometer and 

micrometre scale observed by AFM and TEM. PG= Proteoglycan; F= Fibroblast; 

Mf=Micro fibril (Komai and Ushikif, 2015).   
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Biological tissues differ greatly in their structure and composition and have complex 

hierarchical structures with elements interacting across length-scales (Akhtar et al., 

2011, Meyers et al., 2008). In the sclera, collagen fibrils are organised into 

irregularly arranged and interwoven lamellae (Figure 6.1). This organisation of 

collagen lamellae is similar to the collagen arrangement of the cornea, but scleral 

collagen fibrils are highly variable in their diameter and the lamellae vary in 

thickness. The orientation of each lamella is irregular with respect to neighbouring 

lamellae. Scleral fibroblasts are located between collagenous lamellae and are 

exclusively responsible for the synthesis of the scleral extracellular matrix. Based on 

studies in the cornea (Birk and Trelstad, 1984), it is likely that the outer edges of 

each lamella, which are adjacent to the scleral fibroblasts, contain the most immature 

collagen fibrils relative to those in the centres of each collagenous lamellae. 

Nanoindentation is an ideal method for mapping the local mechanical properties for 

inhomogeneous biological materials like sclera in micrometre scale. However, 

methods to keep tissue hydrated during testing need to be developed (Ebenstein and 

Pruitt, 2004). Traditionally, this technique has been used to determine the elastic 

behaviour of hard materials. These materials for nanoindentation tests are often 

embedded in a resin to facilitate sample handling and surface polishing. However, 

for biological tissue like the sclera, samples are mostly required to be in a hydrated 

condition during testing. For a short time period of indentation, tissue samples can be 

submerged prior to testing and removed from the fluid just before indentation. 

Testing a sample fully submerged in a fluid cell is one option that has been used for 
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hydrated testing of tissues, but data acquisition and analysis are complicated by 

meniscus forces acting on the shaft of the indenter tip; specialised tips with long 

shafts are therefore required. Other solutions include hydrating samples from the 

edges using gauze, foam (Ebenstein, Pruitt 2004), a specialised mounting stage 

(Selby et al. 2014), or applying several drops of fluid to the surface prior to 

indentation. 

Conventional quasi-static nanoindentation of soft tissues is challenging due to the 

high surface roughness, high compliance and associated issues with surface detection. 

The work presented in this chapter utilises an oscillatory nanoindentation method 

which exploits the dynamic capabilities of nanoindentation systems and allows the 

shear storage and shear loss modulus of the sample to be determined (Akhtar et al., 

2018). This approach has been applied to test soft tissues including cartilage (Peters 

et al., 2017) and skin (Moronkeji et al., 2016). This chapter aims to utilise this 

method, with a 100 μm flat punch indentation tip to determine the micromechanical 

properties of the sclera tissue following enzymatic degradation. 

Nayar et al have investigated the mechanical properties of porcine sclera only (2011) 

and sclera with choroid and retina (2012) by using nanoindentation (DMA mode, 

80μm diameter, flat-punch). Both studies reported that the elastic modulus of sclera 

was around 30kPa. However the stiffness of inflated porcine sclera was reported to 

be significantly higher (0.20 ± 0.04 MPa at 15 mm Hg) in a study by Leung et al. 

(2014) (Universal testing machine, 5mm diameter, flat-punch). This variation might 

cause by difference testing instrument, testing environment, testing location and 

tissue hydration condition. In this chapter porcine sclera tissue from all three regions 
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were measured with instrument nanoindentation within the same environment, using 

the same enzymes as used in the previous chapters, to have a comparable microscale 

result and thereby better understand sclera matrix mechanical properties and the 

changes following enzyme degradation 

6.2 Methods 

6.2.1 Sample preparation and nanoindentation testing  

Scleral tissues were collected from the same eyes within chapter 4, then cleaned of 

skin, fat, adherent muscle, retina, and choroid, and was then dissected into anterior, 

equatorial, and posterior regions. Three 4 mm
2
 blocks (with thickness ≈ 1mm) were 

taken from each region using a double-blade cutting tool. Samples were divided into 

four groups (control, 𝛼-amylase and control, chondroitinase ABC) and incubated for 

4 hours in room temperature. A flat-ended cylindrical punch (Synton-MDP Ltd, 

Nidau, Switzerland) with 100 µm diameter radius was mounted on and then 

underwent dynamic nanoindentation (G200 Nanoindenter, Keysight Technologies, 

Chandler, AZ, USA) equipped with an ultra-low load DCM-II actuator utilising a 

Continuous Stiffness Measurement (CSM) module to determine the 

micromechanical complex shear modulus(Peters et al., 2017). 

Instrument calibration is carried out in-situ before each indentation. Microscope and 

indenter were calibrated to focus and tip was cleaned by indentations on double tape. 

During testing, Samples were mounted into a custom-made liquid cell holder, with a 

21 cm radius and 1.7 mm deep well (see in appendix A), which could allow partial 

submersion of the samples in distilled water during testing. Samples were then 

examined under the built-in optical microscope to select indentation locations 
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randomly. Five indents with 200 µm of spacing were made on the sample surface at 

a fixed frequency of 110 Hz (the resonant frequency of the indenter) with 500 nm 

oscillation amplitude (Peters et al., 2017). This frequency has the resonant frequency 

of the indenter and at this frequency instrument uncertainty is minimized, as reported 

by Akhtar et al (2018). Contact stiffness and damping were obtained through 

electromagnetic oscillation sequences. The initial oscillation measured instrument 

stiffness and damping. These were then subtracted from the total measurement to 

obtain the contact response. Material properties were then obtained during the 

second oscillation. 

After each indentation, the tip was cleaned to prevent any transfer of biological 

material to the subsequent indentation site that may affect measurements. This was 

achieved by indenting an adjacent sample holder, which was mounted with 3 M 

double-sided Scotch tape. This method was found to be effective at cleaning the tip 

without picking up any residue from the Scotch tape. Following testing of each 

sample, further indents were made on fused silica with the test sites. 

6.2.2 Analysis of mechanical properties 

The sclera is nearly incompressible, so a Poisson's ratio of 0.50 was assumed for the 

sclera (Rada et al., 2006) allowing the calculation of the shear storage modulus, G´, 

shear loss modulus, G″, and the loss factor after each indentation. The theoretical 

basis is outlined in brief below and has been described in more detail previously 

(Herbert et al., 2009, Akhtar et al., 2018).  
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Sneddon's analysis (Sneddon, 1965) is used to calculate the shear storage modulus  

(G′) using Poisson's ratio (v), contact stiffness (S) and tip diameter (D), based on 

using a flat cylindrical punch: 

𝐺′ = 𝑆 (1 − 𝑣)                                                 (6.1) 

The above components along with contact damping (Cw) can be used to calculate the 

shear loss modulus, G″: 

𝐺′′ = 𝐶𝑊(1 − 𝑣)                                               (6.2) 

The loss factor, tan 𝛿, is defined as the loss modulus divided by the storage modulus: 

 tan 𝛿 = 𝐺′′/𝐺′                                                 (6.3) 

The relationship between shear modulus and the elastic modulus (E) can be defined  

as: 

G′ =
𝐸

2(1+𝑣)
                                                (6.4) 

6.2.3 Statistical analysis 

Intra-group homogeneity was studied via the Kruskal-Wallis ANOVA test using 

Origin OriginLab, Northampton, MA) to determine if there were significant 

variations between measurements of the samples’ mechanical properties within each 

treatment group. Following this, group differences were assessed via suitable 2-

sample independent tests selected after appraisal of data normality and 

homoscedasticity. Differences in scleral mechanical properties were tested with the 

Kruskal-Wallis ANOVA and the Mann-Whitney post-hoc test. For the statistical 
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significance of mechanical properties between pre and post-treatment groups,  one-

way ANOVA was applied to the data. ( If a p-value is less than 0.05, it is flagged 

with one star (*). If a p-value is less than 0.01, it is flagged with two stars (**). If a 

p-value is less than 0.001, it is flagged with three stars (***). If a p-value is less than 

0.0001, it is flagged with four stars (****)) 

6.3 Results 

The Kruskal-Wallis ANOVA test was performed for each group to ensure no 

measurement within any one incubation group was skewing the data. The test 

confirmed that there were no significant differences between samples in the same 

incubation group (Kruskal-Wallis ANOVA, p>0.05). Both the overall shear storage 

modulus, G´, and the shear loss modulus, G″, reduced after treatment with both ∝-

amylase and chondroitinase ABC compared with control samples.  

 



122 

 

 

 

 

Figure 6.5. Shear storage modulus G´ for specimens from the three regions after 

treatment with control and chondroitinase ABC buffer. (n=140, 70 indents pre-

treatment and 70 indents post treatment )   

 

There was a significant decrease of G´ in the equatorial and posterior regions of 

sclera after incubation with chondroitinase ABC compared to control. G´ of samples 

incubated with chondroitinase ABC showed no statistical difference in the anterior 

region compared to control. G´ decreased more in the posterior region than in the 

equatorial region after incubation with chondroitinase ABC.  
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Figure 6.6 Shear storage modulus G´ for specimens from the three regions after 

treatment with control and ∝-amylase buffer. (n=140, 70  indents pre-treatment and 

70 indents post treatment )   

 

The shear storage modulus G´ decreased significantly in all regions after incubation 

with ∝-amylase compared to control. It decreased the most in the equatorial region 

and least in the posterior region after incubation with ∝-amylase.  
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Figure 6.7 Shear loss modulus G″ for specimens from the three regions after 

treatment with control and chondroitinase ABC buffer. (n=140, 70  indents pre-

treatment and 70 indents post treatment )   

 

 

There was a significant G″ in the anterior and equatorial regions of sclera after 

incubation with chondroitinase ABC compared to control. G″ of the sample 

incubated with chondroitinase ABC showed no statistical difference in the posterior 

region compared to control. G″ decreased more in the anterior region than in the 

equatorial region after incubation with chondroitinase ABC.  
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Figure 6.9 Shear loss modulus G″ for specimens from the three regions after 

treatment with control and ∝-amylase buffer. (n=140, 70 indents pre-treatment and 

70 indents post treatment )   

 

 

The shear loss modulus G″ decreased significantly in all regions of sclera after 

incubation with ∝-amylase compared to control. It decreased most in the equatorial 

region and least in the posterior region after incubation with ∝-amylase.  
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Figure 6.10 The loss factor for specimens from the three regions after treatment with 

control and chondroitinase ABC buffer. (n=140, 70 indents pre-treatment and 70 

indents post treatment )   

 

 

The loss factor of specimens incubated with chondroitinase ABC was found to be 

significantly decreased after incubation with chondroitinase ABC. However, an 

increase of loss factor was found in samples from the posterior region incubated with 

chondroitinase ABC. There was no significant difference in the equatorial region 

compared with samples incubated with control buffer.   
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Figure 6.11 The loss factor for specimens from the three regions after treatment with 

control and ∝-amylase buffer. (n=140, 70 indents pre-treatment and 70 indents post-

treatment )   

 

 

The loss factor increased significantly in all three regions after incubation with ∝-

amylase. The loss factor increased most in the equatorial region and least in the 

posterior region.  
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Table 6.1 Results of the shear storage modulus, G´, shear loss modulus, G´’, and the 

loss factor from each group, presented as mean value, standard error of mean (SE), 

statistical significance (Student’s t-test, p) and reduction compared to control.   

Regions Treatment 
Control  

Mean ± SE  

Treated  

Mean ± SE  
P value Reduced (%) 

Anterior 

Region 

α-amylase 

G´(kPa) 124.00 ± 10.347 42.02 ± 1.335 0.0000 66.11 

G´’(kPa) 47.15 ± 3.675 19.57 ± 1.059 0.0000 58.49 

Tan (Delta) 0.39 ± 0.019 0.45 ± 0.018 0.0280 - 

Chondroitinase 

ABC 

G´(kPa) 106.69 ± 7.270 94.12 ± 29.837 0.4091 - 

G´’(kPa) 57.55 ± 9.093 35.39 ± 12.146 0.0490 38.50 

Tan (Delta) 0.52 ± 0.055 0.36 ± 0.015 0.0124 - 

Equatorial 

Region 

α-amylase 

G´(kPa) 112.26 ± 9.301 29.96 ± 1.561  0.0000 73.31 

G´’(kPa) 37.09 ± 2.416 13.58  ± 0.514 0.0000 63.40 

Tan (Delta) 0.34 ± 0.006 0.77 ± 0.222 0.0075 - 

Chondroitinase 

ABC 

G´(kPa) 118.99 ± 43.109 101.13 ± 15.823 0.0406 15.00 

G´’(kPa) 67.85 ± 34.009 52.95 ± 4.601 0.0281 21.97 

Tan (Delta) 0.61 ± 0.041 0.60 ± 0.077 0.0552 - 

Posterior 

Region 

α-amylase 

G´(kPa) 99.43 ± 4.347  36.35 ± 0.849 0.0000 63.44 

G´’(kPa) 34.09 ± 1.621 14.38 ± 0.449 0.0000 57.83 

Tan (Delta) 0.35 ± 0.005 0.40 ± 0.007 0.0000 - 

Chondroitinase 

ABC 

G´(kPa) 121.63 ± 8.085 92.78 ± 13.858 0.0142 23.73 

G´’(kPa) 46.76 ± 7.745 42.96 ± 8.772 0.055 - 

Tan (Delta) 0.39 ± 0.010 0.44 ± 0.030 0.0150 - 

All Regions 

α-amylase 

G´(kPa) 108.55 ± 4.849 36.33 ± 1.666 0.0000 66.53 

G´’(kPa) 38.14 ± 1.567 15.89 ± 0.469 0.0000 58.33 

Tan (Delta) 0.36 ± 0.006 0.53 ± 0.068 0.3364 - 

Chondroitinase 

ABC 

G´(kPa) 133.17 ± 11.484 96.76 ± 10.674 0.0254 27.34 

G´’(kPa) 67.92 ± 10.064 45.33 ± 4.615 0.0533 32.27 

Tan (Delta) 0.49 ± 0.032 0.49 ± 0.040 0.877 - 
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6.4 Discussion  

The shear storage modulus of the group treated with α-amylase reduced in all three 

regions compared to control. It was reduced the most in the equatorial region and 

least in the posterior region. This result shows the same trend with the results in the 

previous chapter using AFM: α-Amylase has the same effect on the mechanical 

properties of sclera in both the nano- and micro-level. Previous studies have shown 

similar results in corneas treated with α-amylase: a reduction in corneal stiffness. 

(Spoerl et al., 2012)  However, the s-GAG content measurement shows that α-

amylase releases the s-GAG the most in the anterior region and the least in the 

posterior region. This result is different from the mechanical results obtained from 

nanoindentation and AFM (i.e. reduced most in the equatorial region). This 

difference suggests that, other than sulphate PGs, α-amylase may affect other scleral 

matrix components that contribute to the mechanical properties of the sclera.  

Previous studies show that alterations in s-GAG content may contribute to the 

altered creep and stiffness of the sclera (Murienne et al., 2016) This reduction in the 

shear storage modulus in the equatorial and posterior regions has also been found in 

tissue incubated with chondroitinase ABC compared to control. The shear storage 

modulus reduced most in the posterior region and least in the anterior region. This 

result shows the same trend with the result in the previous chapter using AFM. Thus, 

chondroitinase ABC has the same trend of regional effect on the mechanical 

properties of sclera in both the nano- and micro-level. However, the reductions of 

mechanical properties at the nano- level after incubation with chondroitinase ABC 



130 

 

 

 

are much more significant than at the micro-level. This difference suggests that the 

PGs depleted by chondroitinase ABC have a more significant contribution to scleral 

mechanical properties at the nano- level than at the micro- level. 

G″ is reduced after incubation with both enzymes. However, the reductions are much 

more significant in samples incubated with α-amylase than samples incubated with 

chondroitinase ABC. Previous studies have suggested that shear loss modulus G´’ is 

particularly sensitive to a specimen’s microstructure (Adibnia and Hill, 2016). This 

significant difference in G″ after incubation with α-amylase may provide an 

explanation of the visually observed change in the collagen bundle distribution found 

in specimens after α-amylase incubation in Chapter 4.  

As manifested by the loss factor, the scleral tissue became less elastic in all three 

regions incubated with α-amylase, and the posterior region when incubated with 

chondroitinase ABC. The changes in the loss factor were significantly different 

between samples in all three regions after incubation with chondroitinase ABC. This 

proves an instant loss of chondroitin and dermatan sulphate GAGs as a result of 

regional differences in the effect on scleral elasticity.   

6.5 Conclusion  

Results from this chapter have shown that proteoglycan depletion with both enzymes 

lead to reduction of the tissue shear storage modulus. However, there are significant 

differences in regional mechanical properties between control and enzyme-incubated 

group, and between α-amylase- and chondroitinase ABC-incubated groups. This 

suggests that different types of proteoglycan have different contributions towards the 

mechanical properties of sclera. Moreover, comparison of the enzymatic result 



131 

 

 

 

between this chapter to Chapter 5 shows chondroitinase ABC has more significant 

effect for scleral tissue mechanical properties at the collagen level (nanometre scale) 

and α-amylase has more significant effect on the scleral matrix level (micrometre 

scale).  
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Chapter 7 Conclusion  

7.1 Summary of finding  

Results from Chapter 3 shows significant variations in the scleral protein analyse 

pattern (Coomassie blue staining) incubated with α-amylase and chondroitinase ABC. 

Also, the sGAG content reduced significantly after incubated with both enzymes. 

These results indicated that both enzymes could cause proteoglycan depletion in the 

sclera tissue. However, the α-amylase affects the most in the anterior region and least 

in the posterior region. This trend is different from the result incubated with 

chondroitinase ABC. Also worth mentioning is chondroitinase ABC, and α-amylase 

were showing the effect on the protein with different molecular weight. 

Chondroitinase ABC was showing effects on weight 130 and 270 kDa especially in 

the posterior region. These share similarities in the regional distribution and apparent 

molecular weight with decorin and biglycan. However, no change by chondroitinase 

ABC was found in protein weight 66 and 52 kDa. The α-amylase results decreases of 

the density of all bands in 270, 130, 66 and 52kDa in the anterior region, however, 

the regional distribution suggest the proteoglycan depleted by α-amylase are not 

decorin and biglycan. Difference effect of two enzymes have also been found in the 

sGAG content measurement result, and the sGAG content reduced the most in the 

anterior region and least in the posterior region. This trend is the opposite with the 

result incubated with chondroitinase ABC (reduced most in the posterior region and 

least in the anterior region). This difference indicated that ∝-amylase does not affect 
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the s-GAGs depleted by chondroitinase ABC which are chondroitin sulphate and 

dermatan sulphate.  

Chapter 4 observed and measured the nanostructure of collagen fibrils in scleral 

tissue after hydration and proteoglycan depletion. In this chapter, irregular change in 

collagen fibrils like  ‘fusion’ and ‘splitting up’ have been found in proteoglycan-

depleted tissues. These reactions to proteoglycan depletion indicated that collagen 

fibrils lose regularity when lack of proteoglycan. Also, the collagen fibril diameters 

significantly reduced after enzyme incubation, suggesting that an acute loss of 

proteoglycan will cause a reduction in collagen fibril size. Abnormal small and 

irregular shape collagen fibrils were found in the transverse sections SEM images in 

the previous study on the sclera of the highly myopic eye (Harper and Summers, 

2015). Results from this study showed the similar result and possibly provided an 

explanation of why the irregular change has been found in the proteoglycan reduced 

tissue like sclera from the myopic eye.  No statistically significant changes have been 

found in collagen D-period after all incubation suggesting that the collagen fibrils 

not be degraded by any treatments from this study. Previous studies have shown that 

the collagen gap zone depth indicates the collagen fibril hydration level (Spitzner et 

al., 2015). Collagen gap zone depth increased after incubation with distilled water 

and PBS buffer. Collagen diameter increased after incubation with distilled water, 

and it remained unchanged after incubation with PBS buffer, suggesting that the 

collagen fibrils swelled in both dimensions after being hydrated with distilled water, 

but only in height after incubation with PBS buffer. Gap zone depth decreased after 

treatment with α-amylase and chondroitinase ABC, suggesting that proteoglycan 

depletion reduced the function of collagen fibril hydration. 
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Chapter 5 investigated the scleral nanomechanical change following hydration with 

distilled water and PBS buffer and proteoglycan depletion with chondroitinase ABC 

and α-amylase. The overall elastic modulus increased after incubation with PBS 

buffer (pH7.4, NaCI 137mmol/L). A similar increase of mechanical properties was 

found in collagen fibril treated with a water-based salt solution in a previous study 

(Grant et al., 2009).  The mean value of the elastic modulus decreased in all three 

regions, and this finding is also similar to previous finding on hydrated human 

corneal stroma (Xia et al., 2014). In this chapter, the elastic modulus decreases in all 

regions after being incubated with both enzymes. However, the reduction of two 

enzymes was different across the three scleral regions. The elastic modulus reduced 

most in the posterior region and least in the anterior region after being incubated 

with Chondroitinase ABC, which shows a similar distribution of chondroitin and 

dermatan sulphate. The α-amylase shows different effects on the distribution of 

sclera. The elastic modulus reduced most in the equatorial region and least in the 

posterior region. The standard error of the mechanical modulus in the sample after α-

amylase incubation was greater than chondroitinase ABC, showing that the effect of 

α-amylase on scleral tissue is less stable than chondroitinase ABC. 

In chapter 6 the shear storage modulus of the group treated with α-Amylase reduced 

in all three regions compared to control. It reduced the most in the equatorial region 

and least in the posterior region. This result shows the same trend with the result in 

the previous chapter using AFM, and it proved that α-Amylase has the same effect of 

the mechanical properties in both nano- and micro- level. However, the sGAG 

content measurement shows α-Amylase release the most sGAG in the anterior region 

and least in the posterior region, and this result is different from the mechanical 
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result from nanoindentation and AFM (reduced most in the equatorial region). This 

difference has suggested a possibility that other than sulphate proteoglycan, α-

Amylase may have an effect on other scleral matrix components that have 

contributed to the scleral mechanical properties. The reduces in the shear storage 

modulus in equatorial and posterior regions have also been found in the group 

incubated with chondroitinase ABC compare to control. The shear storage modulus 

reduced most in the posterior region and least in the anterior region; this result shows 

the same trend with DMMB result and the result in the previous chapter using AFM. 

These results proved that chondroitinase ABC has the same trend of regional effect 

on the mechanical properties in both nano- and micro- level. However, the 

reductions of mechanical properties in nano-level after chondroitinase ABC are 

much more significant than in the micro-level. This difference suggested the PGs 

depleted by chondroitinase ABC have the more significant contribution to scleral 

mechanical properties in nano-level than in micro-level. G″ reduced after incubated 

with both enzymes; however, the reductions are much more significant in samples 

incubated with α-Amylase than samples incubated with chondroitinase ABC. The 

study has shown the  G″ is particularly sensitive to a specimens microstructure. 

(Adibnia and Hill, 2016), the significant difference in  G″after incubated with α-

Amylase may provide an explanation of the visually observed change in the collagen 

bundle distribution found in specimens after α-Amylase incubation in chapter 4.  

Summary of the outcomes in study are showing in the 7.1. 
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7.2 Key contribution  

There are 4 key findings in this work that may contribute to the field of experimental 

mechanics and scleral biomechanics: 

 Both α-Amylase and chondroitinase ABC result in proteoglycan depletion in 

all three regions of the sclera. 

 Proteoglycan depletion could cause a reduction in collagen fibrils’ size; and 

reduction in the collagen fibril hydration functions. However, proteoglycan 

depletion does not effect on the molecular structure of collagen fibrils.  

 The significant change in collagen fibrils distribution were observed in tissue 

incubated with α-Amylase, however this change was not observed in the 

tissue incubated with chondroitinase ABC.  

 Proteoglycan depletion leads to significant reduction in both nanoscale and 

microscale mechanical properties of the sclera.  

 The α-Amylase and chondroitinase ABC are depleting the different type of 

proteoglycan, result a significant regional difference in both structure and 

mechanical proteoglycan depletion results.  
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Chapter 8 Limitations and future work  

8.1 Limitations  

The limitations and discussions specific to each part of this thesis were detailed in 

the corresponding chapter. However, several important limitations should be 

acknowledged here: 

• All experimental works in this study were conducted at room temperature. 

Although the activities of the enzymes under room temperature were 

confirmed by pilot studies and standard activity curve provided by predictor 

(see in appendix), 37
o
C is still the best option for proteoglycan depletion 

experiments as this temperature provided a reaction environment similar in 

human body.   

• Although the gloves and lab coat were wearing when handling the enzymes, 

there are still possibilities for contamination in this research. Contamination 

of the enzyme could cause large standard deviation in the overall result, For 

avoiding the contamination in the future work, enzyme inhibitors and filter 

could be used before each treatment.  

• This study aims to study the scleral nanostructure and mechanical properties 

through all three regions, and the changes in sclera following proteoglycan 

depletion. Although the molecular weight ranges of effected proteoglycan 

have been pointed out in chapter 2, the type of depleted PGs were still not 
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specific. Further conclusion on the structure and mechanical contribution by 

specific proteoglycan could not be made in this study.  

• In chapter 5 and 6, nano- and micro-scale α-amylase treated mechanical 

result shows the same regional trend proved the accuracy of the experiments. 

However, the regional mechanical results were not consisting with the 

regional sGAG content result after α-amylase from chapter 2. The difference 

indicated α-amylase has the effect on other sclera matrix components which 

are not sulphated and contribute to the mechanical properties, possibly have 

the highest concentration in the equatorial region.  

• AFM and nanoindentation used in this study were surface probing 

technology, structure and mechanical results from this study were all from 

the outer layer of sclera only. Although there is no study indicated the 

concentration of proteoglycan through inner, middle and outer layer of 

sclera, there are studies showed collagen fibrils size are different between 

the three layers: collagen fibrils are thinnest  in the inner layer and thickest 

in the outer layer of sclera (McBrien et al., 2001, McBrien et al., 2003).  

8.2 future directions  

The main future directions suggested by the study are 1). Investigating the specific 

PGs in the sclera and their contribution towards tissue structure and mechanical 

properties. 2). Investigating the α-amylase and its effect on the scleral and corneal 

components.  
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Most of the structure and mechanical studies of sclera were focused on the posterior 

part of the sclera (Murienne et al., 2016, Kaya and Yildirim, 2016, Grytz et al., 2014, 

Coudrillier et al., 2012), this is because the two primary diseases (myopia and 

glaucoma) involves shape altering in sclera have occurred in the posterior part of the 

eye.  However the results from this study have provided a new angle to study 

pathologies like myopia and glaucoma, this study has proved the proteoglycan is one 

of the critical factors that influence the structure and mechanical properties in sclera 

and the PGs are not evenly distributed in the sclera, different type of the PGs have 

different contribution towards tissue structure, mechanical properties or hydration 

function. Furthermore, alteration of scleral shape complicated with reduction of 

proteoglycan has been reported in the aged eyes (Wang et al., 2018, Rada et al., 

2015). Investigating the specific PGs and their structure and mechanical contribution 

to the scleral tissue can provide a better understanding of the role proteoglycan plays 

in the sclera pathology and ageing. In the long term, the possibility of using 

proteoglycan triggering specific microstructural or mechanical changes that are 

beneficial against glaucoma or myopia could be invested, thus avoiding the need for 

surgical intervention. 

Unlike chondroitinase ABC, α-amylase is an enzyme that found in the human tear 

fluid (Van Haeringen et al., 1975).  This present of α-amylase means the α-amylase 

is existed in the eye environment and interacts with eye tissue all the time.  

Furthermore increase of α-amylase has been found in the keratoconus patients 

(Spoerl et al., 2012). Finally, results from this study have shown that the α-amylase 

has the significant effect on both scleral microstructure and mechanical properties.   

All of these findings indicated the importance of investigating the α-amylase and its 
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effect on both scleral and corneal components.  However, since Quintarelli et al. 

(1969) pointed out α-amylase has the effect on collagen-proteoglycan interaction in 

connective tissue.  To the author’s knowledge, no study since has investigated the α-

amylase in connective tissue, and none of the studies ever has investigated the α-

amylase in the ocular tissue. For effect of α-amylase on ocular tissue, this study has 

pointed out a blank area both in biochemistry and biomechanics field.  
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Appendix A 

Experimental setup and protocols  

SDS-PAGE Loading and running buffer 

 

2x Loading sample buffer (10ml) 

1 M Tris-HCl pH 6.8                                              1 ml 

10% SDS                                                                4 ml 

Glycerol                                                                  2 ml 

β-mercaptoethanol                                                  2.5 ml 

1% Bromophenol blue                                            500 µl 

dH2O                                                                      to10 ml 

 

4x Loading sample buffer (10ml) 

 

1 M Tris-HCl pH6. 8                                               2 ml 

SDS                                                                         0.8 g 

Glycero                                                                    l 4 ml 

β-mercaptoethanol                                                   4 ml 

10% Bromophenol blue                                          10 µl 

10 × Running buffer 

Tris base      30.3 g 

Glycine 144.4 g 
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SDS  10 g 

Dissolve in 1 L of MilliQ-filtered H2O. 

 

Papain Digestion  

 

Papain Enzyme stock (Papain: Sigma P4762): 

 

Make 10× stock enzyme solution at 100 units/ml. This will make the final working 

concentration for the digest at 10 unit/ml. Make enzyme stock up in 10× papain 

buffer.  

 

10× papain buffer 

  

1M Sodium Acetate (1.36g) 

24mM EDTA (0.48ml OF 0.5M stock) 

50Mm L-cysteine (87.8mg) 

PH 5.8 

 

Working Enzyme Solution (1×) 

 

To make 1ml of working enzyme solution = 100μl stock enzyme (10×) + 900μ water 

 

Add 500μl of diluted 1 × papain (or enough to cover sample completely) and 

incubate overnight at 60
o
C (or until the tissue is completely digested). Store digests 

at -20
o
C 

 

GAG ASSAY 

Preparation of the standard curve: 

 

Use 5mg/ml Chondroitin Sulphate C (shark cartilage, Sigma C-4384) as a stock 

solution (made up in water) from which to make the standards. Then further dilute 

50 x to give 100 ug/ml. 

 

Standard Conc (ug/ml) Vol. 100ug/ml stock to 

add (ul) 

Vol. H2O to add (ul) 
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Use a transparent flat bottomed 96 well plate and add 40 ul standard to appropriate 

wells (perform in triplicate) 

 

Dilute papain digested sclera samples 1 in 5 with water to make a total volume of 40 

ul. Apply diluted sample to appropriate wells and again perform in triplicate.  

 

Add 250ul DMMB dye to each well. 

 

Read immediately on a plate reader at an absorbance of 570mm (the dye-GAG 

complex will precipitate out of solution if left too long). 

 

DMMB (light sensitive) 

 

16mg 1-9 dimethyl methylene blue  

2g sodium formate  

2ml formic acid 

In 1 litre water  

pH = 3.5 

 

 

Pilot study for experimental setup  

 

 AFM sample thickness result from testing sclera tissue in air with PeakForce QNM  
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Chondroitinase ABC activities  

 

 
From previous study by Miss Charlotte Li (BBSRC Funded Summer Project, supervised by Prof. 

Eithne Comerford and Dr Brendan Geraghty, University of Liverpool), using 0.25 unit/m for 

scleral proteoglycan depletion in 37oC environment.  the incubated results show a decrease in 

GAG concentration within the first 2 hours (roughly 60%), followed by little change in 

concentration. 
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Chondroitinase ABC II Biochemical Reaction Conditions. Effect of reaction temperature effect 

using sodium acetate titration. For all panels:,   C6S;   , DS. (activity curve from Sigma for enzyme 

chondroitinase ABC : C2905, Sigma-Aldrich, St. Louis MO) 
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Drawings for nanoindentation sample holder  
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Appendix B 

Codings for Image processing  

Matlab code  

 

Testing point localization  

 

% Demo to use normxcorr2 to find a template (a white 

onion) 

% in a larger image (of a pile of vegetables) 

clc;    % Clear the command window. 

close all;  % Close all figures (except those of 

imtool.) 

imtool close all;  % Close all imtool figures. 

clear;  % Erase all existing variables. 

workspace;  % Make sure the workspace panel is 

showing. 

format long g; 

format compact; 

fontSize = 11; 

  

% Check that user has the Image Processing Toolbox 

installed. 

hasIPT = license('test', 'image_toolbox'); 

if ~hasIPT 

    % User does not have the toolbox installed. 

    message = sprintf('Sorry, but you do not seem to 

have the Image Processing Toolbox.\nDo you want to 

try to continue anyway?'); 

    reply = questdlg(message, 'Toolbox missing, 

'Yes', 'No', 'Yes'); 

    if strcmpi(reply, 'No') 

        % User said No, so exit. 

        return; 

    end 

end 

  

% Read in a standard MATLAB color demo image. 
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folder = fullfile(matlabroot, 

'\toolbox\images\imdemos'); 

baseFileName = 'peppers.png´; 

% Get the full filename, with path prepended. 

fullFileName = fullfile(folder, baseFileName); 

if ~exist(fullFileName, 'file') 

    % Didn't find it there.  Check the search path 

for it. 

    fullFileName = baseFileName; % No path this time. 

    if ~exist(fullFileName, 'file') 

        % Still didn't find it.  Alert user. 

        errorMessage = sprintf('Error: %s does not 

exist.', fullFileName); 

        uiwait(warndlg(errorMessage)); 

        return; 

    end 

end 

rgbImage = imread(fullFileName); 

% Get the dimensions of the image.  

numberOfColorBands should be = 3. 

[rows, columns, numberOfColorBands] = size(rgbImage); 

% Display the original color image. 

subplot(2, 2, 1); 

imshow(rgbImage, []); 

axis on; 

caption = sprintf('Original Color Image, %d rows 

by %d columns.', rows, columns); 

title(caption, 'FontSize', fontSize); 

% Enlarge figure to full screen. 

set(gcf, 'units','normalized','outerposition',[0, 0, 

1, 1]); 

  

% Let's get our template by extracting a small 

portion of the original image. 

templateWidth = 71 

templateHeight = 49 

smallSubImage = imcrop(rgbImage, [192, 82, 

templateWidth, templateHeight]); 

% Get the dimensions of the image.  

numberOfColorBands should be = 3. 

[rows, columns, numberOfColorBands] = 

size(smallSubImage); 

subplot(2, 2, 2); 

imshow(smallSubImage, []); 

axis on; 
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caption = sprintf('Template Image to Search For, %d 

rows by %d columns.', rows, columns); 

title(caption, 'FontSize', fontSize); 

  

% Ask user which channel (red, green, or blue) to 

search for a match. 

% channelToCorrelate = menu('Correlate which color 

channel?', 'Red', 'Green', 'Blue'); 

% It actually finds the same location no matter what 

channel you pick,  

% for this image anyway, so let's just go with red 

(channel #1). 

% Note: If you want, you can get the template from 

every color channel and search for it in every color 

channel, 

% then take the average of the found locations to 

get the overall best location. 

channelToCorrelate = 1;  % Use the red channel. 

correlationOutput = normxcorr2(smallSubImage(:,:,1), 

rgbImage(:,:, channelToCorrelate)); 

subplot(2, 2, 3); 

imshow(correlationOutput, []); 

axis on; 

% Get the dimensions of the image.  

numberOfColorBands should be = 1. 

[rows, columns, numberOfColorBands] = 

size(correlationOutput); 

caption = sprintf('Normalized Cross Correlation 

Output, %d rows by %d columns.', rows, columns); 

title(caption, 'FontSize', fontSize); 

  

% Find out where the normalized cross correlation 

image is brightest. 

[maxCorrValue, maxIndex] = 

max(abs(correlationOutput(:))); 

[yPeak, xPeak] = 

ind2sub(size(correlationOutput),maxIndex(1)) 

% Because cross correlation increases the size of 

the image,  

% we need to shift back to find out where it would 

be in the original image. 

corr_offset = [(xPeak-size(smallSubImage,2)) (yPeak-

size(smallSubImage,1))] 

  

% Plot it over the original image. 
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subplot(2, 2, 4); % Re-display image in lower right. 

imshow(rgbImage); 

axis on; % Show tick marks giving pixels 

hold on; % Don't allow rectangle to blow away image. 

% Calculate the rectangle for the template box.  

Rect = [xLeft, yTop, widthInColumns, heightInRows] 

boxRect = [corr_offset(1) corr_offset(2) 

templateWidth, templateHeight] 

% Plot the box over the image. 

rectangle('position', boxRect, 'edgecolor', 'G´, 

'linewidth',2); 

% Give a caption above the image. 

title('Template Image Found in Original Image', 

'FontSize', fontSize); 

uiwait(helpdlg('Done with demo!')); 

  

 

 

 

Gap zone and approximate D-periodicity measurement  
 

%data = xlread('testing.xlsx'); 

% 

% 

%Enroll database.  

%Each database content values of one hydration/ 

depletion experiment 

%The odd column is x vules and the even columnis the 

y valus of curve. 

data= Book1; 

GAPnm = []; 

PERInm = []; 

n = size (data,2)/2; 

for i = 1:n 

fibril = [data{:,2*i-1}]; 

hi = [data{:,2*i}]; 

org= plot(fibril,hi); 

[pks,locs] = findpeaks(hi,'MinPeakdistance',20); 

%findpeaks(hi) 

plot(fibril,hi,'color',rand(1,3)); hold on; 

% offset values of peak heights for plotting 

plot(fibril(locs),pks+0.05,'r*','markerfacecolor',[0 

1 1]); 

locpeak = fibril(locs); 

aveperium = mean(diff(locpeak))*1000; 

rhi = -hi; 
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[rpks,rlocs] = findpeaks(rhi,'MinPeakdistance',20); 

% offset values of peak heights for plotting 

rpks= rpks*-1; 

plot(fibril(rlocs),rpks+0.05,'k*','markerfacecolor',

[1 0 1]); 

% 

% 

%start to caululate collagen fibril gaps between 

peak and minum value 

Gap= []; 

if size(pks,2) <= size(rpks,2) 

    m = size (pks,2)-1; 

else 

    m = size (rpks,2)-1; 

end 

     

for j=1:m 

    gap= pks(1,j)-rpks(1,j); 

    Gap = [Gap gap]; 

end 

avgapnm= mean(Gap);  

PERInm = [PERInm;aveperium]; 

GAPnm = [GAPnm;avgapnm]; 

  

end 

     

Collagen fibrils orientation measurement  

 clear all 

close 

% Hough test 

peakpionts=50 

I=imread('Untitled 2.jpg'); 

I=rgb2gray(I);% gray 

I=edge(I,'prewitt'); 

figure(1)   

imshow (I);title('The Original image')   

  

I=im2bw(I);   

[H, theta, rho] = hough(I, 'ThetaResolution', 0.2);   

figure(2)   

imshow(H, [], 'XData', theta, 'YData', rho, 

'InitialMagnification', 'fit')   

axis on, axis normal   

hold on   
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xlabel('\theta'), ylabel('\rho')   

peaks = houghpeaks(H,peakpionts);   

plot(theta(peaks(:, 2)), rho(peaks(:, 1)), ...   

    'linestyle', 'none', 'marker', 's', 'color', 'r')   

title('The peak point location')   

lines = houghlines(I, theta, rho, peaks);   

figure(3)   

imshow(I), hold on   

for k = 1:length(lines)   

    xy=[lines(k).point1 ; lines(k).point2];   

    plot(xy(:,1), xy(:,2), 'LineWidth', 4, 'Color', 

[1 0 0]);  

    slope(k)=(xy(1,2)-xy(2,2))./(xy(1,1)-xy(2,1)); 

    angle(k)=atan(slope(k)).*180/pi; 

end   

title('Hough-transformation result') 

  

%ans=theta(peaks(:, 2)) 

  

I=imread('Untitled 2.jpg); 

B=fft(I); 

figure() 

imshow(B) 

 

ImageSXM macro  

macro 'Measurement of periodicity and diameter 27' 

 

{ edited SDB  11 Mar 2017 } 

 

{01}  var 

{02}    xxx,yyy,x,mode,mean,min, max, ThisPic: real; 

{03} result,name: string; 

{04} n: integer; 

 

{05} begin  
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{06}    UnsharpMask('11x11'); 

{07}   Measure; 

{08}    GetResults(n, mean, mode, min ,max); 

{09}    SetThreshold(mode); 

{10}    MakeBinary; 

{11}    SetBinaryCount(2); 

{12}    Dilate; 

{13}    Erode; 

{14}    Dilate; 

{15}    Erode; 

{16}    Dilate; 

{17}    Erode; 

{18}    Dilate; 

{19}    Erode; 

{20}    Dilate; 

{21}    Erode; 

{22}    Skeletonize; 

{23}    SetPicName('ske'); 

{24}    SelectAll; 

{25}    Copy; 

{26}    MoveRoi(1,0); 

{27}    Paste; 

{28} 

{29}    MakeNewWindow('new',256,256); {make a new window} 

{30}    Paste; 

{31}    SetPicName('new');        
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{32}     SelectPic(2); 

{33}     xxx:=PicNumber; 

{34}    SelectPic(3); 

{35}    yyy:=PicNumber; 

{36}    result := 'ads'; 

{37}    ImageMath('or',xxx,yyy,1,0,result); 

{38}    Invert; 

{39}    SetForegroundColor(255);    { make border black so that it touches ... } 

{40}    SetLineWidth(1);                    { all objects truncated by the border } 

{41}    DrawBoundary; 

{42}    KillRoi; 

{43}    SetForegroundColor(0);         

{44}    AutoOutline(1, 128);    { copy all objects other than those touching 
edge } 

{45}    Copy;     

{46}    SelectAll; 

{47}    Clear;                { clear the whole image... } 

{48}    Paste;                { and then put objects back } 

{49}    KillRoi;             

{50}    SetParticleSize(1,200); 

{51}    AnalyzeParticles('label','reset','ignore'); 
{52}   ShowResults; 

{53} end; 
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Appendix C 

AFM Images  

Images of proteoglycan  
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Images of collagen fibrils “fusion”  after Amylase treatment.   

 

Pre Amylase treatment  Post Amylase treatment  
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Images of collagen fibrils distribution pre and post treatments  

Pre - Distilled water  Post – Distilled water  
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Pre - PBS Post – PBS 
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Pre -Amylase Post - Amylase 
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Pre -Chondroitinase ABC Post – Chondroitinase  

  

  

 

 


