
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



 

 

 

Nanostructure and 

Physical Properties of 

Collagen Biomaterials 
 

 

 

 

 

 

 

Katie Sizeland 

2015 
 

 



 

 

Nanostructure and 
Physical Properties of 
Collagen Biomaterials 

 

 A thesis presented in partial fulfilment of the requirements for the degree of  Doctor of Philosophy In Engineering  at Massey University, Manawatu, New Zealand. 
 

 

 

Katie Sizeland 

2015 



ii 

 

Abstract 
 

Collagen is the main structural component of leather, skin, pericardium, and other 

tissues. All of these biomaterials have a mechanical function and the physical 

properties are partly a result of the structure of the collagen fibrils. The 

architecture of the collagen network and how it changes when different chemical 

and mechanical processes are applied is not fully understood and forms the 

foundation of this thesis. Synchrotron-based small angle X-ray scattering has been 

used to quantify aspects of the collagen structure, specifically the orientation index 

(OI) and D-spacing of the collagen biomaterials investigated. In leather, the 

nanostructural changes of the collagen network and the strength of the material 

across a range of different animals, through each stage of the leather-making 

process, and when model compounds are added or the fat liquor addition is varied 

has been investigated. Both the D-spacing and fibril orientation were found to 

change with leather processing. The changes to the thickness of the leather during 

processing impacts the fibril OI and, once taken into account, the main difference 

in OI is due to the hydration state of the material with dry materials being less 

oriented than wet. Model compounds urea, proline, and hydroxyproline were 

found to increase D-spacing. It was found that as the fat liquor addition is 

increased, the D-spacing increased. Pure lanolin resulted in a similar increase in D-

spacing. The collagen fibril structure and strength of both adult and neonatal 

pericardium was also investigated. Significant differences were observed with the 

neonatal tissue having a higher modulus of elasticity and being significantly more 

aligned than adult pericardium. Neonatal pericardium is advantageously thinner 

for heart valve applications. This research proves it has the necessary physical 

properties required. By understanding the hierarchical structure of collagen and 

its mechanisms for modification when subjected to different chemical and 

mechanical processes, we gain valuable insight in understanding the performance 

of leather and skin in biological, medical, and industrial contexts. This will lead to 

better comprehension of current processes and informs future processing 

developments. 
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Chapter 1: Introduction 
 

 

1.1 A Perspective on the Leather Industry 
 

Leather is a flexible, strong, biomaterial whose complex architecture is physically 

defined by the hierarchical structure of collagen. Leather is used in a wide variety 

of manufacturing applications, including shoes, clothing and upholstery 

(Commodities and Trade Division, 2010), with high strength being a primary 

requirement for high-value applications. The shoe industry is the number one 

customer of the leather industry consuming approximately 80% of the total 

leather made (Thorstensen, 1993, Russell, 1988, Michel, 2004, Chan et al., 2009, 

Basil-Jones et al., 2011, Rabinovich, 2001). The majority of shoes are produced 

using bovine leather as it is a strong material. Ovine leather is far weaker than 

bovine leather and as such is not used for shoe manufacture. If the physical 

properties of ovine leather could be improved, it would be suitable for shoes and 

would lead to a boost in the New Zealand economy. 

The physical attributes of leather are largely dependent on the structure of 

collagen fibres and the interactions among them. With multiple levels of structure, 

collagen has a hierarchical architecture. The collagen molecule is composed of an 

amino acid sequence that forms an alpha helix with a left handed twist. It is 

characterized by the repeating amino acid sequence (Glycine-X-Y)n where the X 

and Y positions are occupied by a high proportion of the amino acids proline and 

hydroxyproline respectively, with the most common triplet in collagen being Gly-

Pro-Hyp, which accounts for about 10% of the total sequence (Ramshaw et al., 

1998). Three of these left handed helices twist together in a right hand manner to 

form a triple helix, or tropocollagen.  Collagen fibrils are assembled from multiples 

of five staggered tropocollagens with gaps between the end of one tropocollagen 

and the next responsible for the banding of collagen that is visible with atomic 

force microscopy or transmitting electron microscopy. This periodicity is known 
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as the D-spacing and provides an insight into the internal structure of collagen 

fibrils. Many collagen fibrils make up the structure of a complex biomaterial. The 

arrangement of the collagen fibrils, particularly the extent of alignment, is an 

important contributor to the strength of collagen materials.  

The structure of collagen is difficult to access by microscopic methods and as such 

a specific technique for nanoscale investigations is required. Synchrotron based 

technique small angle X-ray scattering (SAXS) provides a brilliant platform for 

nanostructure analysis and has been used by researchers since the early to mid-

1900’s to explore and characterise the structure of collagen (summarised by 

Gustavson (Gustavson, 1956)). The majority of the work presented in this thesis is 

based on experimental studies completed using SAXS. Imaging techniques 

(scanning electron microscopy, transmission electron microscopy, and atomic 

force microscopy) compliment some experiments and tensile and tear tests have 

been done alongside SAXS to produce in depth nanostructural analysis and 

visualisation of the collagen biomaterials. 

Collagen is also the main structural component of skin (Fratzl, 2008), some 

extracellular matrix scaffolds (Floden et al., 2010), and processed pericardium for 

heart valve repair (Jobsis et al., 2007). Like leather, strength is a requirement for 

these collagen-based medical materials. Heart valve leaflet replacement with 

bovine pericardium requires high mechanical strength and a long performance life 

(Mirnajafi et al., 2010). A greater understanding of these materials may enable 

processes to be altered to maximise the final physical properties. 

 

 

1.2 Aims and Objectives 
 

The structure of leather and other extracellular matrix materials can tell us a lot 

about the material and can relate to the physical properties. This research aims to 

determine the structure of collagen in different materials and how it adapts and 

changes when subjected to different processes. 
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This study follows on from the PhD of Dr. Melissa Basil-Jones. Basil-Jones has 

shown that small angle X–ray scattering (SAXS) can provide detailed structural 

information on the amount of fibrous collagen, the microfibril orientation, and the 

D-spacing of collagen in leather (Basil-Jones et al., 2010). A study of ovine and 

bovine leather of differing strengths (Basil-Jones et al., 2011) found a statistically 

significant relationship between tear strength and edge on orientation. This work 

aims to build on this foundation and use SAXS to investigate the nanostructure of 

different materials and changes that take place when the material is subjected to 

mechanical and chemical processes. 

The first research aim was to determine if the structure-strength relationship 

found in ovine and bovine leather extends across a range of selected mammals. In 

Chapter 3 it is shown that this correlation was indeed found to exist across seven 

species of mammals with the tear strength of the leathers dependent on the degree 

to which collagen fibrils are aligned in the plane of the tissue. This research has 

successfully proven the structure-strength relationship exists among different 

animals and, with the statistical confidence and diversity of animals investigated, it 

is suggested that this is a fundamental determinant of strength in tissue. 

The second aim of this thesis was to explore the modification of the collagen 

structure by fat liquoring, a step completed in the leather-making process that 

involves adding penetrating oils (usually polyols) to leather to achieve high 

strength and a soft, supple feel. While the fat liquoring process has been carried 

out by tanners for years it is not known how this process changes the 

nanostructure of the leather. Chapter 4 details the research done on leather 

processed with varying amounts of fat liquor and the structural changes observed. 

It has been proven that the fat liquoring process does indeed alter the collagen 

fibril network. Chapter 7 continues investigating the effect of fat liquor on the 

collagen structure by analysing leather under tension. 

The third aim of my research was to investigate whether compounds chosen 

because of their opposite effects on protein solubility change the orientation and 

D-spacing of the collagen fibrils. This aims to provide insight into how variations in 

the processing of leather can change the structure of the collagen network. 
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Chapter 6 portrays how the model compounds urea, proline, and hydroxyproline, 

were analysed using SAXS. It has been shown they modify the structure of the 

biomaterial with the D-spacing of the collagen fibrils increasing and the 

orientation index decreasing. 

As hides and skins are processed to produce leather, chemical and physical 

changes take place that affect the strength and other physical properties of the 

material. The structural basis of these changes at the level of the collagen fibrils is 

not fully understood and forms the basis of the fourth objective of my research. In 

Chapter 5 it is shown that both the D-spacing and fibril orientation change with 

processing. Much of the OI differences between processing stages was found to be 

accounted for by the changes in the thickness of the leather. Following a correction 

for the thickness of the leather the main difference in OI was due to the hydration 

state of the material with dry materials being less oriented than wet. This 

understanding is useful for relating structural changes that occur during different 

stages of processing to the development of the final physical characteristics of 

leather. 

In the percutaneous delivery of heart valves, the size of the device when folded for 

delivery is important, with thicker material folding into a larger diameter device 

for insertion. Neonatal pericardium is a thinner material than the adult 

pericardium that is currently in use which would enable smaller devices to be 

made that can be inserted through smaller arteries. However the strength of the 

material must be adequate for a long life of service and the physical properties of 

neonatal pericardium comparative to adult pericardium have not been adequately 

investigated and formed the final aim of my research. In Chapter 8 the research 

shows that neonatal tissue has a higher elastic modulus and has significantly more 

aligned fibrils. As such the superior strength of neonatal compared with adult 

tissue supports the use of neonatal bovine pericardium in heterografts. 

This research has contributed hugely to the knowledge of the structure of collagen 

biomaterials. A greater understanding has been gained of how collagen changes 

and reacts to different mechanical and chemical processes. 
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Chapter 2: Literature Review 
 

Leather is a complex biomaterial produced from skin. The structure of leather and 

other tissues such as skin and pericardium is composed primarily of collagen. This 

network of collagen can be responsible for the physical and aesthetic properties of 

the biomaterial. The relationships between the collagen architecture and the 

properties of the biomaterial are not fully understood and may change as a result 

of different chemical and mechanical processes being applied. 

 

 

2.1 Skin 
 

Skin is the largest organ of the body, both in surface area and in weight. In humans 

it covers an area of approximately 2 m2 and weighs about 4.5-5 kg, about 15% of 

the total body weight. Ovine skins cover an area of 2.1-3 m2 and weigh 

approximately 1.25 kg. The thickness of the skin over most of the body is 1-2 mm, 

but it can range in thickness from 0.5 mm on the eyelids to 4.0 mm on the heels. 

The skin functions to protect us against the external environment and is largely 

responsible for preventing external fluids from penetrating and body fluid from 

escaping. Skin also has a vital role in thermoregulation and provides sensory 

information about the environment surrounding it. Skin is a remarkable organ that 

is capable of relaxation and extension to adapt to the near continuous movement 

of the body. It is soft, pliable, strong, waterproof, and self-repairing. Skin is part of 

the integumentary system alongside hair, oil, sweat glands, nails, and sensory 

receptors.  In animals horns, hooves, and claws are included in their 

integumentary systems. It is composed of the epidermis on the outer surface and 

the dermis or corium layer underneath, with a dermo-epidermal junction in 

between. Skin cells follow a life cycle that terminates in 30,000 to 40,000 dead skin 

cells falling from your body every minute. The structure of the layers and the 

functions of skin are discussed in this chapter section. 
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2.1.1 The Epidermis 
 

The epidermis is the outermost layer of the skin and is made up of four principal 

types of cells, 90% of which are keratinocytes which produce the protein keratin. 

It contains no blood vessels or nerve endings, rather it obtains nutrients via the 

diffusion of blood vessels through the dermo-epidermal junction. The epidermis 

feels strong, flexible, soft, and slightly oily. Other notable cells contained in the 

epidermis alongside keratinocytes are Merkel cells, melanocytes, and Langerhans 

cells. Merkel cells are related to the sense of touch. First seen by Langerhans and 

later named after him, Langerhans cells participate in immune responses against 

microbes that invade the skin by helping other cells recognise the invader and 

destroy it (Montagna and Parakkal, 1974). Melanocytes produce pigment and are 

responsible for the colour of skin and hair. The number of melanocytes varies in 

different parts of the body but on average there is one melanocyte to every ten 

keratinocytes in the basal layer. 

 

Figure 2.1. Epidermal layers (Zaidi and Lanigan, 2010). Reprinted from 

Dermatology in Clinical Practice, Z. Zaidi and S. Lanigan, Skin: Structure and 

Function, pg 2, copyright 2010, with permission from Springer. 
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The epidermis is comprised of four or five layers, all of which can be seen in Figure 

2.1. The four layers of the epidermis of skin found in most parts of the body where 

skin is thin are as follows, from the surface layer of the skin inward: 1. the stratum 

corneum; 2. the stratum granulosum; 3. the stratum spinosum or the stratum 

malpghian; and 4. the stratum basale (also known as the stratum germinativum to 

indicate its role in forming new cells). In places on the body where friction is 

experienced the most such as the soles of the feet and the palms of the hands, the 

skin is thick and there is an additional fifth layer, the stratum lucidum. This layer is 

situated between the stratum corneum and the stratum granulosum. 

Three processes maintain a healthy epidermis: continuous cell division in the 

deeper layers with new cells being pushed upwards, effective keratinisation of the 

cells approaching the surface, and the shedding of keratinised cells from the 

surface. The entire epidermis is replaced about every six to eight weeks. 

Histological preparations have shown an ordered structure throughout the 

epidermis but in particular on the surface layer of the skin, despite the seemingly 

unorganised rise to the surface of epidermal cells generated in the innermost layer 

(Christophers, 1971). The cells in the stratum basale undergo the mitotic cell 

division and are then pushed up towards the surface of the skin. With nutrients 

provided to the cells in the epidermis coming from the dermis, the farther they 

travel away from the dermis the greater the distance from the nutrients. The cells 

get flatter, larger, and thinner as they migrate upwards. With the lack of nutrients 

the cells die and as more cells are continuously divided, the surface layer of the 

stratum corneum is shed and replaced.  

The stratum corneum is the outermost layer of the skin. It is a dense, relatively 

hard layer consisting of 25-30 cell layers. The cells have been pushed up from the 

stratum granulosum and are all flattened, dead keratinocytes. The upper layer of 

cells is shed as more shells are continuously pushed up from the epidermis layers 

beneath. Cells take approximately 52-75 days to move from the bottom layer of the 

epidermis, the stratum basale, to the top layer of the epidermis, the stratum 

corneum, where they are shed from the skin. The surface layer of the stratum 

corneum is covered with a waxy, waterproof coating of sebum (an oily, fatty 
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substance) which protects the body by keeping the inner layers hydrated by 

stopping water loss and stops the entrance of harmful substances into the body. 

The second layer from the surface of the skin is the stratum granulosum. This layer 

is composed of diamond-shaped cells that are three to five layers thick. The 

diamond shape is due to the polyhedral cells moving up from the stratum spinosum 

being flattened a bit. The cells are beginning to die as they are getting farther away 

from the source of nutrition so this layer is the transition layer between the 

deeper, active layers below and the layers containing dead cells above. 

The stratum spinosum is the third layer from the surface of the skin. It is the 

thickest and strongest layer of the epidermis and consists of 8-10 layers of 

polyhedral cells that have migrated up from the basal layer. If you try and prepare 

the skin for microscopic examination these cells will shrink and pull apart. 

Langerhans cells and the spindles of melanocytes are also present in the stratum 

spinosum. 

The basal layer is the innermost layer of the epidermis and is composed of just one 

layer of cells. It is in this layer that cells undergo division to produce new 

keratinocytes. The stratum basale, dubbed “the cell farm” (Norris and Siegfried, 

2011), constantly produces new cells and pushes them up towards the skin 

surface. A process called keratinisation occurs where the cells accumulate keratin 

as they move from one epidermal layer to the next. Once the cells are pushed up 

out of the basal layer they become larger and polyhedral. Alongside the 

keratinocyte cells, melanocytes and Merkel cells are scattered throughout the 

basal layer.   

The stratum lucidum is the extra layer found in thicker skin such as that on the 

palms of the hands and soles of the feet. This layer, made up of dead, flattened 

keratinocytes four to six layers thick, lies between the stratum corneum and the 

stratum granulosum. This extra layer is thought to add extra toughness to the skin. 

It is part of the “transit zone” along with the stratum granulosum and the stratum 

spinosum that cells pass through before they reach the surface layer of the skin, the 

stratum corneum (Norris and Siegfried, 2011).  
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2.1.2 The Dermis 
 

The dermis, or the corium, is a tough, elastic, resilient layer of the skin underneath 

the epidermis. When this layer from animals is dried and treated, it becomes 

leather (Tortora and Derrickson, 2010). It is several times thicker than the 

epidermis as shown in Figure 2.2 below and is a matrix of connective tissue that is 

made up of collagen fibres and elastic fibres embedded in a ground substance 

(glycosaminoglycans). The collagen fibres are the foundation of the skin’s strength 

and their network imparts remarkable structural integrity and flexibility to the 

skin. For more on the structure of collagen see section 2.2.  Elastic fibres help in 

the elasticity of the skin and can stretch easily. When the tension is released they 

resume their original shape. The collagen and elastin fibres are embedded in 

ground substance which holds water and helps in transporting nutrients, 

hormones, and fluid molecules through the dermis.  The ground substance is a gel 

containing substances derived from the blood (inorganic ions, blood sugars, blood 

proteins, water, and urea), proteoglycans, and glycoproteins. 

 

Figure 2.2. Ovine skin anatomy showing the thinner epidermis at the surface and 

the thicker dermis underneath (Frandson et al., 2013). 
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The dermis is made up of two parts: the papillary region making up about 20% of 

the dermis and the reticular region making up approximately 80%. The papillary 

region acts as the dermo-epidermal junction and the fibres in this dermal region 

are thin. It provides nutrients to the epidermis and anchors the epidermis to the 

dermis. The bottom of the epidermis forms an uneven surface with fibres which 

project downwards into the connective tissue of the dermis. The fibres push into 

the connective tissue in order to increase the surface area between the epidermis 

and the dermis so a strong junction is formed between these two layers (Frandson 

et al., 2013). 

The reticular region is a complex and metabolically active layer full of thick, coarse 

fibres. It functions as the “manufacturing site” as cells and structures in this region 

produce sebum, hair, nails, and sweat. It is attached to the subcutaneous layer 

situated underneath the dermis. The collagen fibres in the reticular layer are 

arranged in a more regular fashion than those in the papillary layer. It is this more 

regular structure that aids the skin in resisting stretching forces. 

Underneath the dermis is the hypodermis or the subcutaneous layer (Figure 2.2). 

A layer of loose connective tissue and fatty tissue, it enables skin to move without 

tearing, stores energy, and provides insulation. This hypodermis, or subcutaneous 

tissue, is known to tanners as flesh by which the skin is connected to the body 

underneath (Gustavson, 1956). 

Sweat glands, hairs, sebaceous glands, arrector pili muscles, blood vessels, lymph 

vessels, and sensory nerve endings are all structures found in the dermis (all seen 

in Figure 2.3).  Sweat glands are distributed throughout the skin but are more 

densely found in the soles of the feet, the palms of the hands, the armpits, and the 

groins. Arrector pili muscles are the smooth muscles in the skin that help in the 

erection of the hair creating goose bumps that trap warm air near the skin to try 

and protect against the cold. Blood vessels provide nourishment and can contract 

when the body needs to retain heat and expand when the body needs to lose heat, 

shown by a brightening or darkening of the skin’s colour. Lymph vessels make up a 

network throughout the dermis. Sensory nerve endings are found throughout the 

dermis and transmit sensations such as vibration, warmth, coolness, tickling, 
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itching, pain, and pressure to the nervous system. Thus the skin is an important 

organ that relates information about the environment to the body. 

 

Figure 2.3. Cross section of skin showing the main structures in the dermis 

(Waugh and Grant, 2006). Reprinted from Ross & Wilson Anatomy and Physiology 

in Health and Illness, A. Waugh and A. Grant, The Skin, pg 359, copyright 2014, 

with permission from Elsevier. 

 

The main cells found in the dermis are fibroblasts, macrophages, and mast cells. 

Fibroblasts are responsible for the formation of the amorphous ground substance 

and the collagen and elastic fibres. Macrophages take part in the synthesis and 

degradation of lipids, aid in the protection against viral infection, and dispose of 

toxic foreign bodies. Mast cells are found throughout the connective tissue and 

play an important role in the immune system. 
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2.1.3 Accessory Structures of the Skin 
 

 

Figure 2.4. Components of the integumentary system. (Tortora and Derrickson, 

2010). 

 

The skin is part of the integumentary system. Other components of the 

integumentary system are accessory structures to the skin that include hair 

follicles, sebaceous glands, sweat glands, and nails. Apart from nails, these can be 

found in the dermis and seen in Figure 2.4. 

Hair is distributed all over the skin except on the palms and soles. Each hair follicle 

has a hair shaft and a bulb. The sebaceous gland opens up into the hair follicle and 

the arrector pili muscle is situated below this gland (Figure 2.5). The hair consists 

of three layers; from the surface of the hair to the centre of the hair the layers are 

the medulla layer, the cortex layer, and the cuticle layer. The hair follicle is made 

up of the external epithelial root sheath and the internal epithelial root sheath. The 

dermal root sheath is the dense dermis that surrounds the hair follicle. In the 

tanning process the hair is first removed. A substance that removes the hair is 



 

13 
 

called a depilatory and it acts by dissolving the hair into a mass that can be easily 

wiped away. In ovine leather production it is the wool hairs that are removed. 

Prior to leather processing wool has an oily feel to it. This is imparted by the 

lanolin, a product of the sebaceous glands. 

 

 

Figure 2.5. Single hair follicle (Frandson et al., 2013). 

 

Mammals have sweat glands that release sweat into the hair follicles or through 

pores onto the surface of the skin. The sweat helps maintain the body temperature 

by the process of evaporation of the sweat from the surface of the skin thus cooling 

down the body. Sebaceous glands open up into the hair follicle and secrete sebum 

which lubricates the skin preventing it from drying out. Sheep have several 
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cutaneous pouches that are lined with sebaceous glands. These include: (1) infra-

orbital pouches, found at the medial canthus of the eye and larger in rams than in 

ewes; (2) interdigital pouches on the midline above the hoofs of all four feet; and 

(3) inguinal pouches near the base of the udder or scrotum (Frandson et al., 2013).  

 

 

2.1.4 Functions of the Skin 
 

One of the most important functions of the skin is protection. It resists tearing and 

pressure with its elasticity, and protects the body from injury. Protection comes 

from the waterproof layer that skin provides, acting as a barrier against invasion 

by toxic agents. Collagen fibres provide the skin with the strength to resist to 

mechanical stress. The dermis functions to interact with the epidermis providing it 

with nourishment. The skin provides a barrier to infection acting as the first line of 

immunological defense of the body, it prevents the absorption of water from the 

outside, and loss of water from the inside. It helps regulate the temperature of the 

body and relays information about the external environment to the body via the 

sensation of touch. The integumentary system stores blood, with blood vessels in 

the dermis carrying 8-10% of the total blood flow of a resting adult (Tortora and 

Derrickson, 2010). In the structure of the skin are Langerhans cells, the first line of 

defence in the immune system of the body alerting other cells to potentially 

harmful invaders. 
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2.2 Collagen 

 

Collagen is an important structural molecule found in abundance throughout the 

body. It is the main constituent of skin, leather, pericardium, wound healing 

matrices, and other tissues. Collagen comes in many different forms with each 

form classed into a “type” and numbered using roman numerals. To be classed as 

collagen three criteria must be met: 1. It must contribute to the structural integrity 

of the extracellular matrix; 2. It must form supramolecular aggregates such as 

networks and fibrils; 3. It must contain at least one triple-helical domain 

(Karamanos et al., 2012). Found in a diverse range of tissues, the different collagen 

types have distinctive macro structures. The most commonly occurring fibril-

forming collagens (types I, II, III, V, and XI) form the structural basis of skin, 

tendon, bone, cartilage, and other tissues (Parry and Squire, 2005) (see (Maynes, 

2012) for a review of fibril-forming collagen types I, II, and III). Type IV collagen is 

composed of three polypeptide chains 400 nm in length. Hexagonal networks are 

formed by collagen type VIII (hexagonal sides of 160 (±15) nm) and collagen type 

X (hexagonal sides of 100 (±15) nm) (Parry and Squire, 2005). Type VI collagen 

forms beaded filaments approximately 105 nm long. 

 

The focus of this thesis is on materials composed primarily of type I collagen. The 

collagen I molecule is prevalent as the basis of many structural components in 

animals and assembles with a complex hierarchical structure. The collagen 

molecule is characterized by the repeating amino acid sequence (Glycine-X-Y)n.  

Each polypeptide chain forms an alpha helix with a left handed twist, then three of 

these left handed helices twist together in a right hand manner to form a triple 

helix, or tropocollagen.  Collagen fibrils are assembled from multiples of five 

staggered tropocollagens which is responsible for the banding structure of 

collagen. Fibrils combine to form fibres. Cross links stabilise the structure. 

Collagen biomaterials are resilient with the inherent strength of the collagen triple 

helix translated through a number of hierarchical levels to endow that tissue with 

its specific tough mechanical properties (Stamov and Pompe, 2012). The structure 

of collagen type I is outlined below to gain an understanding of the molecule at the 

heart of all investigations completed over the course of this research project. 
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2.2.1 Amino Acid Structure of Collagen Type I 
 

The primary structure of collagen is its amino acid sequence. In the higher levels of 

structural organisation three polypeptides form a triple helix around an axis. 

Glycine must occupy every third position due to steric constraints from the close 

packing of the three polypeptide chains. This generates collagen’s signature amino 

acid pattern, (Gly-X-Y)n. Each polypeptide chain is formed by amino acids linked by 

covalent peptide bonds (Figure 2.6). The peptide bond is always formed between 

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

another amino acid.  

The foundation of proteins is built by about twenty different amino acids, each 

identified by their unique R groups. An R group may be a single hydrogen atom 

(Glycine) or it may be a large, strongly polar group (Arginine). 

 

Figure 2.6. Primary structure of collagen is the sequence of amino acids in the 

polypeptide. 
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In a collagen molecule there is a significant presence of hydroxyproline and 

proline, and the Gly- Pro-Hyp triplet makes up about 10% of the molecule. Three 

specific triplets that contain the proline and hydroxyproline residues contribute to 

the stability of the collagen molecule in the following order: Gly-Pro-Hyp>Gly-Pro-

Y and >Gly-X-Hyp (Segal, 1969). 

 

 

2.2.2 Alpha Helix Structure of Collagen Type I 
 

The secondary structure concerns how the amino acid sequence is twisted or 

folded. Common secondary structures are alpha helices and beta pleated sheets. 

Collagen’s secondary structure is an alpha helix with a left hand twist. 

The twist of the triple helix is sequence dependent and differs among tissues. 

Diffraction patterns of rat tail tendon have shown an alpha helix with a 10/3 

symmetry (ten units in three turns) (Fraser et al., 1979, Rich and Crick, 1961) 

while the collagen peptide (Pro-Pro-Gly)10 has a helix with a proposed 7/2 

symmetry (seven units in two turns) (Okuyama et al., 1981). The collagen 

molecule is not likely to have a uniform twist along its length and may consist of 

multiple symmetries, for example both 7/2 and 10/3 helical conformations as seen 

in the section of a collagen molecule shown in Figure 2.7 below. 

 

Figure 2.7. Three domains of a peptide showing variation in helical twist (Parry 

and Squire, 2005). Reprinted from Fibrous Proteins: Coiled-coils, Collagen and 

Elastomers, D. Parry and J. Squire, Collagen Molecular Structure, pg 311, copyright 

2005, with permission from Elsevier. 
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The proline rings of some of the amino acids restrict the flexibility of the 

polypeptide chains. The diameter of each collagen molecule is about 14 Å (Maynes, 

2012) with 3.6 residues per turn and a 5.4 Å axial repeat.  

 

 

2.2.3 Tropocollagen Structure of Collagen Type I 
 

The triple helix, or tropocollagen, structure of collagen is its tertiary structure 

(Figure 2.8). The idea that collagen was supercoiled in a right hand manner into a 

triple helix around a common axis was initially put together using fibre diffraction 

analysis and model building (Rich and Crick, 1961). The polypeptide chains are 

staggered by one residue. To identify each of the collagen molecules they are 

termed α chains and the chains with different primary structures are numbered 

with Arabic numerals eg. α1, α2. Type I collagen is composed of two α(I) chains 

and one α2(I) chain. An α1(I) collagen molecule is composed of 1014 residues and 

an α2(I) is composed of 1023 residues. 

 

 

Figure 2.8. The collagen triple helix (Kucharz, 2011). Reprinted from The 

Collagens: Biochemistry and Pathophysiology, E. Kucharz, Structure, 

Heterogeneity, and Distribution, pg 7, copyright 1992, with permission from 

Springer. 
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Cross links stabilise the triple helix formation and can be intramolecular, linking 

two α-chains within the same molecule, or intermolecular, the covalent bonds 

between chains in different molecules. Hydrogen bond cross links in particular 

play a critical role in the stabilisation of tropocollagens. The triple helix is not an 

alpha helix due to the fact that not every peptide group participates in hydrogen 

bonding. Every Gly-X-Y triplet has one strong interchain hydrogen bond between 

the NH of Gly in one chain and the C=O of the residue in the X position of a 

neighbouring chain (Rich and Crick, 1961). In addition, when proline does not 

occupy the X position of the Gly-X-Y peptide triplets, a second interchain hydrogen 

bond between the NH group of the X position residue and the C=O of the glycine 

residue is formed mediated by one water molecule (Kramer et al., 1999, Kramer et 

al., 2000, Emsley et al., 2000). The water molecules involved in these hydrogen 

bonds form additional hydrogen bonds with hydroxyproline or side chains (all 

bonds present can be seen in Figure 2.9). As such collagen has a highly ordered 

hydration network (Suzuki et al., 1980). The first visualisation of the water 

network that surrounds collagen molecules was accomplished via the 

determination of the high-resolution structure of a peptide by Bella in 1994 (Bella 

et al., 1994, Bella et al., 1995). Since then a number of high-resolution structures 

have confirmed that extended water networks are an inherent feature of all 

collagen triple-helix peptide crystal structures (Kramer et al., 2000, Kramer et al., 

2001, Berisio et al., 2001). 
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Figure 2.9. Hydrogen bonding network showing the regular pattern of direct 

hydrogen bonds and how water mediated hydrogen bonds are formed (Parry and 

Squire, 2005). Reprinted from Fibrous Proteins: Coiled-coils, Collagen and 

Elastomers, D. Parry and J. Squire, Collagen Molecular Structure, pg 313, copyright 

2005, with permission from Elsevier. 

 

 

2.2.4 Fibril Structure of Collagen Type I 
 

The quaternary structure is the arrangement of tropocollagens relative to one 

another. A repeat of five staggered tropocollagens forms collagen’s quaternary 

structure. Their staggered arrangement which produces overlaps of adjacent triple 

helices and gaps between one triple helix and the proceeding triple helix is 

responsible for the banding of collagen visible with atomic force microscopy 
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(Figure 2.10 below). The axial periodicity, or D-spacing, is approximately 67 nm 

and one tropocollagen is about 4.4 D periods long. Studies indicate the exact 

molecular periodicity of collagen fibrils contains 234.2 amino acids per D repeat 

(Meek et al., 1979).  

 

Figure 2.10. Tropocollagens assemble into collagen fibrils with a 67 nm D-spacing 

that includes an overlap and a gap region (Karamanos et al., 2012). 

 

In some fibrils molecular tilt is present where the tropocollagens are on an angle. 

In rat tail tendon a tilt of about 5 degrees is present. A tilt of 18 degrees is seen in 

tissues such as nerve sheaths (Ottani et al., 2001), chordae tendinae (Folkhard et 

al., 1987a), submucosa (Cameron et al., 2002), and skin (Brodsky et al., 1980). 

These tissues must resist stresses from a number of directions. They consist of 

fibrils with uniform diameters that are typically less than 100 nm.  This tissues 

have a shortened axial repeat of 65 nm, where 65 equals 67 cos 18° (where 67 

represents the average D-spacing of collagen and 18° is the tilt of the fibrils.  

The mechanical stability of the macro structures of collagen rely on intermolecular 

cross links. Hydrogen bonds between amino acid sidechains and collagen molecule 

mainchains and those mediated through water bridges are the main stabilizing 

force of the quaternary structure of arranged tropocollagens (Bella et al., 1995). 

Interchain water bridges are intrinsically linked to the hydroxyprolines in the 
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sequence so that high hydroxyproline content will increase the stability of the 

triple helix (Engel et al., 1977). Water can be regarded as forming a clathrate–like 

structure around each triple helix and it has a role in maintaining fibril assembly 

(Bella et al., 1995, Burjanadze, 1992, Rosenbloom et al., 1973). 

Within each fibril, the tropocollagen molecules are held together by direct cross 

links between lysine and allolysine formed as a result of the action of an enzyme 

lysyl oxidase. The extensive, highly structured hydration shell around the collagen 

triple helices, along with water bridges between collagen fibrils, have been shown 

to be critical elements that maintain the macromolecular assemblies of collagen 

molecules (Bella et al., 1995, Naito et al., 1994, Bella et al., 1994). While the 

secondary structure remains stable if the water molecules become unavailable to 

support the hydrogen-bonding network, the mechanical properties of collagen are 

affected (Gautieri et al., 2011). Hydrophobic residues on the outside of the 

tropocollagen molecule have also been shown to play an important role in 

microfibrillar packing by both organizing water structure and through Van der 

Waals interactions (Usha and Ramasami, 1999). 

In each individual fibril there is great strength and elasticity. It is believed that the 

structure of materials composed of collagen I also requires cross linking of the 

fibrils. This mechanically couples the fibrils restricting them from sliding past each 

other in order to achieve high strength (Picu, 2011). The way in which these 

connections might transmit force between fibrils to resist sliding forces has been 

modelled (Puxkandl et al., 2002, Cranford and Buehler, 2013, Fessel and Snedeker, 

2011, Redaelli et al., 2003, Chan et al., 2009).  

 

 

2.2.5 Macro Organisation of Collagen  
 

Collagen fibrils form complex networks that can be linked to the physical 

properties of the tissue. The arrangement of collagen fibrils, particularly the extent 

of alignment or anisotropy, is an important contributor to the strength of collagen 
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materials. The structure-function relationship between collagen alignment and 

mechanical properties has been elucidated for a range of tissue types (Kamma-

Lorger et al., 2010, Sellaro et al., 2007, Liao et al., 2007, Gilbert et al., 2008, 

Purslow et al., 1998). The orientation of collagen measured edge on (alignment in-

plane) has been shown to be correlated with strength in a range of mammal skins 

processed to leather (Basil-Jones et al., 2011, Sizeland et al., 2013). 

 

 

2.3 Leather 

 

Leather is processed skin consisting primarily of collagen. It is produced on a large 

scale for shoes, clothing, and upholstery (Commodities and Trade Division, 2010), 

with high strength being a primary requirement for high-value applications. To 

produce leather, raw skin goes through hide preservation, dehairing/liming, 

deliming and bating, pickling, tanning, retanning, fat liquoring, drying, and 

finishing. 

 

 

Leather Industry 

Skins and hides are the raw materials from which leather is produced. They are 

by-products of the meat industry and are basic commodities on the world market. 

Leather usage is outlined below (Table 2.1) with its primary use being for shoe 

manufacture. 
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Table 2.1. Leather usage (Thorstensen, 1993). 

Item % 

Shoes 56 

Garments 9 

Work Shoes 10 

Handbags 6.5 

Leather Goods 6.5 

Belts 4 

Miscellaneous 8 

 

 

Skins are often partially processed in order to stop the decomposition of skins and 

then shipped to another part of the world before the rest of the processing is 

completed. Sheep (ovine) skins as pickled, salted, and dried sheepskins are 

available from many parts of the world, including South America, Africa, Australia, 

and New Zealand. New Zealand is a crucial supplier in the sheepskin industry. It is 

standard practice to remove wool from the skin as the value of the wool exceeds 

the value of the skin. While the wool is removed, the old trim practice was to leave 

hides with the ears, tails, shanks, snouts, and other appendages left on them. 

Sometimes a tanner would even find hooves and horns attached to the hide. This 

practice resulted in an economic loss and as a result a new trim system was 

defined and became the standard of the industry.  

 

 

2.3.1 Leather Structure 
 

Leather has a micro structure that is comprised of two distinct layers: the grain 

and the corium. The grain is the outermost layer of the skin and the corium is 

closest to the flesh of the animal. The structure of the collagen fibrils in the grain 

layer is generally quite fine in nature and more aligned than in other layers. Below 

this the corium layer structure has collagen fibrils that are more randomly 
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orientated. The collagen network is fairly dense and tangled. In addition to the 

collagen, a network of elastin fibrils is also present which serves to strengthen the 

hide.  

In the tanning industry the skins of large animals, such as full grown cattle and 

horses, are called ‘hides’; the term ‘skins’ is used when referring to small animals 

such as sheep, goats, and calves. The term “hide” is never applied to the small 

animals. 

The grain and the corium have significantly different structures (Russell, 1988, 

Bavinton et al., 1987). Fibril orientation  and fibril diameter, particularly in the 

corium layer, have been shown to be an important factor in the strength of the 

material (Basil-Jones et al., 2011, Bavinton et al., 1987, Parry et al., 1978, Wells et 

al., 2013). During the process of making leather, synthetic cross links are 

introduced that stabilize the molecular structure of the skin and contribute to its 

physical properties (Folkhard et al., 1987a, Folkhard et al., 1987b, Cuq et al., 2000, 

Chan et al., 2009). 

The D-spacing of the collagen in stronger ovine and bovine leather has been shown 

to decrease at the interface between the corium and the grain (Basil-Jones et al., 

2012). While changes in D-spacing have not been shown to correlate with strength 

in leather (Basil-Jones et al., 2011) and rat tail tendon (Gonzalez et al., 2014), D-

spacing does vary with tissue types (Fang et al., 2012), age (James et al., 1991b, 

Scott et al., 1981), and chemical treatment (Scott et al., 1981, Ripamonti et al., 

1980). It is also possible to observe change in D-spacing when leather is subjected 

to mechanical stress (Basil-Jones et al., 2012). 

Leather is made from skins from different animals. This produces leather with 

different structural and physical properties. Bovine leather is particularly strong 

and is the material used for the majority of leather goods manufactured. Sheepskin 

is very open and porous, has very little structural fibre, and produces very weak 

leather. Goatskins, compared to sheepskins, have a very tight fibre structure which 

allows its use in applications that require high flexibility and strength like in the 

manufacture of gloves and shoes.  
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If there are heavy fat deposits in cattlehides a change in fibre orientation can occur 

where the fibres become aligned perpendicular to the surface of the skin. This is 

called the “vertical fibre defect” and occurs in fat beef cattle such as Herefords. 

Compared to beef cattle, dairy cattle have very thin hides and their skins contain 

less fat, are not as thick, and have relatively large surface areas. 

 

 

2.3.2 Leather Processing 

 

The leather making process is a way of preserving skins to stop decomposition and 

to provide a strong and flexible material. The process consists of a series of 

chemical treatments and some mechanical processes. Each of the chemical 

treatments alters the composition of the original skin, for example, extracting 

components from the native skin or adding components such as cross linking 

agents. The chemical treatments used to produce leather from skin and hide may 

result in changes to the structure of the collagen fibrils and the arrangement of 

these fibrils. These chemical processes include strong salt solutions, large changes 

in pH, enzymatic treatments to remove cross links, and new cross links being 

formed. An overview of tanning chemistry has been presented (Covington, 1997). 

Some aspects of chemical treatments of skins and the effect on structure they have 

has been observed previously with liming of skins (increasing the pH with calcium 

hydroxide) showing a decrease in the D-spacing of collagen (Maxwell et al., 2006). 

Dehydration of parchment has been shown to result in a decrease in collagen D-

spacing from 64.5 to 60.0 nm (Wess and Orgel, 2000). Pickling and retanning 

agents have been shown to swell collagen fibres at low pH (Bulo et al., 2007). At 

low ionic strength and non-isoelectric pH charge dependent interactions 

(screening and selective ion adsorption) are prevalent in maintaining the collagen 

architecture (Ciferri, 2008) which is also reflected in the greater thermal stability 

of collagen at low pH (Zanaboni et al., 2000) and in the elastic response of collagen 

(Grant et al., 2009). 

The leather-making process is detailed below. 
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Hide preservation 

The raw material is the skin after it has been removed from the carcass. The raw 

skin is susceptible to bacterial growth and is in immediate need of some form of 

preservation to stop the decay. Once the skins have been preserved they can be 

shipped a great distance or stored before the rest of the leather-making process is 

continued. As such it is not uncommon for New Zealand to produce sheepskins, 

United States of America to convert them to leather, and Europe to make the 

leather into garments. Three methods are used to preserve the skin, salt curing, 

drying, and brine curing. 

The first way of temporarily preserving the skin before tanning is salt curing and is 

the most common method in Europe, North America, and other temperate 

climates. The salt acts to slow down bacterial growth by reducing water activity. 

Salting causes some dehydration of the skins. To salt cure the skins salt packs are 

created by stacking hides on top of one another with salt spread out in between 

each hide. The edges are folded to keep the moisture in the salt pack and it is 

stored in a cool area. Proper salt curing requires 21 days in the pack (Thorstensen, 

1993). Following the salt curing process the hides are taken out of the salt packs, 

the excess salt is shaken off, the hides are inspected and then packaged up ready 

for shipment. If the salt curing is done properly, the salted hides can keep in a cool 

storage area for up to a year. 

Another method of preservation is drying. It is one of the oldest methods of skin 

preservation and is simply done by air drying the skin to eliminate the moisture. 

The skins are spread out on the ground supported by sticks or stones, hung on 

poles or ropes, or stretched out on a frame and allowed to dry in the shade or the 

sun. The frame drying is the most common drying method used as the skin shrinks 

and tightens when it dries allowing easier flat packing of the skins for storage or 

transportation. 

The third method of preservation is brine curing. The skins and hides are chilled, 

cleaned, and soaked in a saturated brine medium in either vats or raceways for 48 

hours until the brine has completely permeated the skin. The hides and skins are 

then wrung out, inspected, and packaged up for shipment. This method is not as 
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effective as the salt curing and as such the brine cured hides will only last for 6 

months. 

Alternatively the hides and skins can be processed through to the chrome tanned 

(wet blue) stage. This avoids the need for the preservation of the raw material and 

saves costs on curing and shipping and better preservation of the hides is 

accomplished. 

 

Dehairing/Liming 

The “beamhouse” processes start after the hide has been preserved and includes 

soaking, fleshing, dehairing/liming, and bating. These leather-making steps 

remove the salt by soaking and washing the skins (where the skin becomes 

rehydrated) and treat the skins with an alkali treatment carried out in the 

presence of sodium sulfide (‘liming’) combined with suitable enzymes (‘bating’) 

which together break down and remove some of the non-fibrous proteins, 

glycosaminoglycans and other undesirable components. It is also said to ‘open up’ 

the structure of the leather to enable better penetration of tanning chemicals in 

subsequent stages.  

Soaking ensures the skins are rehydrated, and makes the skins softer and cleaner. 

When they arrive at a tannery they usually arrive as cured skins with preservation 

methods based on the dehydration of the skins. As such the skins must be wet back 

to hydrate the material using water. Dry skins may need soaking for up to 48 

hours to successfully rehydrate. 

Dehairing is the process of removing the unwanted hair from the hides and skins 

and can be done a number of ways. Liming is an dehairing system that has been 

used for many years. Lime is dissolved in water and applied to the hide. It acts to 

break down and solubilise the hair keratin. The lime or alkali disrupts hydrogen 

bonding between fibrils resulting in an opening up of the structure making 

available more acid and alkaline groups on the skin for future chemical 

interactions. A painting system, otherwise known as a wool-pulling system, can 

also be used to remove hair. The skins are washed and painted with a solution of 

sodium sulfide, lime and sodium sulfide, or sodium sulfide and caustic soda. The 
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paint is applied to the flesh side of the skin and the skins or hides are piled up and 

left in a cool place overnight. The skins are laid out the next day and the wool is 

removed by hand. The remaining hide or skin is then placed in liming solution 

overnight. Dehairing systems that do not use lime have been considered and 

trialled by the tanning industry in an attempt to remedy the problems of effluent 

disposal and stream pollution that comes hand in hand with lime systems but lime 

based systems are by far the most commonly used practices. 

 

Deliming and Bating 

After liming the pH of the hide needs to be lowered for the proceeding processing 

steps to take place. The pH of hides after liming is about 12. The fibres are swollen 

from the absorption of lime and alkaline materials. For effective bating a pH that is 

slightly basic is desired, about pH 7-8. Calcium hydroxide and ammonium salts are 

used to buffer a solution to pH 7-8 and solubilise the lime. As a more 

environmentally friendly option sometimes magnesium salts are used. The 

deliming and the bating procedures are continuous in most tanning operations. 

Bating is an enzymatic action for the removal of unwanted hide components. The 

epidermis, hair, protein degradation products, and the “scud” on the surface of the 

skin and in the hair follicles and pores are the unwanted components. Bating 

refers to the action of enzymes on these components. The enzyme activity and the 

nature of the activity of the enzyme depends on the temperature, amount of added 

enzyme, and the pH. Conditions are closely monitored during this step. 

 

Pickling 

Pickling is the adjustment of the pH of the skin to the level desired for tanning 

using salt and acid. After the alkaline treatments involved with the liming and 

bating steps, the skin is acidified in sulfuric acid and sodium chloride. After this 

stage the skin is referred to as “pickled”. A synthetic, organic cross linking agent 

and surfactant are often added at this point which may assist with the subsequent 

chrome tanning stage. Stabilising agents are often added to the pickle to raise the 

denaturation temperature of the collagen and thus enable skin fat to be removed 
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more efficiently at higher temperatures. The skins at this stage are called 

“pretanned”. At the end of the pickling stage the skin can be thought of as a 

purified fibrous network of protein. The curing, soaking, liming, deliming, and 

bating have all been based on the removal of unwanted components. From here on 

the processing will be focused on chemical reactions that will produce the wanted 

physical characteristics of leather, the first step of which is the pickling adjustment 

of the skin to the desired pH. The tannage to be used in future leather-making 

steps and the time between pickling and tanning dictates the pH desired at this 

point. The skins are treated with a solution of water and salt and tumbled before 

the acid solution is added. Leaving the skin to reach equilibrium overnight, the pH 

is brought down to pH 3 or lower by the absorption of the acid into the skin. A pH 

of 2 or lower is needed if there is a wait between the pickling and tanning steps. If 

the hides and skins are to be tanned immediately the pH is adjusted to 2.5-3. 

Sufficient salt must be used in the pickling process to prevent swelling. 

 

Tanning 

After pickling the hides and skins need to be tanned. Tanning is the treatment of 

hides and skins for preservation and converts the material into a useful 

commercial material. Tanning can be completed using either a chrome tan, 

vegetable tan, or synthetic tan. 

 

Chrome tanning is based on the reaction of the hide with chromium salts to yield a 

very stable fibrous network which is resistant to bacterial attack and high 

temperatures. Once chrome tanned the hide is referred to as “wet blue”. Chrome 

tanning must be followed with fatliquoring and is sometimes retanned with a 

vegetable tan to impart the desired physical qualities of leather. Pickled hides at a 

pH of 3 or lower are added to a chromium sulfate bath and the chrome tanning salt 

penetrates into the hide. After this initial absorption of the chromium salt, the pH 

is raised to allow the chemical reaction between the hide and the chromium salts 

to complete. The adjoining chains of the fibrils are cross linked together as a result 

of the chrome tanning.  
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Vegetable tanning preserves the fibrous network and imparts qualities of fullness 

and resilience to the leather. It produces leather used for end applications like 

upholstery and saddlery. Retannage of chrome tanned leather with a vegetable tan 

is common. Vegetable tannins come from a wide range of plants and can be found 

in twigs, bark, nuts, leaves, and wood. Vegetable tannins include quebracho, wattle 

extract (mimosa), myrobalans, gallnuts, gambier, mangrove, hemlock, chestnut, 

valonia, lignosulfonates (Thorstensen, 1993). The vegetable tanning process relies 

on a balance of the concentration, pH, and temperature. For example at a high 

concentration of vegetable tan a greater reaction or fixation will occur between the 

vegetable tannins and the hide fibres. However at a high concentration the particle 

size of the tannins is large. An excessive deposition of the tannins on the surface of 

the skin will occur which blocks the penetration into the hide or skin. Vegetable 

tanning produces leather with a natural brown colour. 

Synthetic tans are much more controllable and predictable than other tanning 

agents. They are versatile and new “syntans” are being developed for the tanning 

industry every year. Synthetic tans are often used to obtain specific effects on 

either the leather processing or the final product for example they can aid in the 

penetration of dyes or can produce the feel of fullness to the final leather product. 

 

Retanning 

Chrome tanned leather tends to be too rigid for most applications so there is 

normally a second tanning stage using natural vegetable tannins or synthetic 

tannins to make the final leather feel softer and ‘fuller’. After this second tanning 

stage the skin is called “retanned”. 

 

Fat Liquoring 

During the processing of skins and hides to leather, efforts are made to optimize 

the strength, flexibility, and feel of leather. Adding penetrating oils, a process 

known as fat liquoring, improves leather’s texture and flexibility by lubricating the 

fibres and preventing adhesion between them (Bajza and Vreck, 2001). The initial 

leather-making processes of liming and bating remove most of the natural oils 
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from the skin and after tanning the leather does not contain enough lubricants to 

prevent it from drying into a hard material. Proper lubrication is one of the 

determining factors in imparting the desired characteristics to the final finished 

product. Under lubrication will result in hard leather that is prone to cracking. 

Fatliquoring involves emulsions of oil in a water system that are applied to the 

leather in a drum. The oil is absorbed into the skin thus lubricating the fibres.  

 

Drying 

After fat liquoring, the water is evaporated to dry out the leather. The drying 

process is an important step in the leather-making process and cannot happen too 

quickly. Slow drying of leather ensures that as the surface water is evaporated, the 

water deeper in the skin is drawn to the surface thus the full thickness of the 

leather dries. Drying under excessive heat causes the surface to dehydrate and the 

inner part of the skin to retain its moisture as the water does not move fast enough 

to replace the evaporated surface water. Drying can cause shrinkage as the fibres 

become closer to one another. To prevent this the leather can be held in an 

extended position to maximise the final area yield. Drying can be done in air with 

leathers hung up on ropes, in air whilst being tacked out on boards, on screens 

held in place by toggles that are placed in a toggling unit (a dryer that can control 

the temperature and humidity, in a tunnel dryer that controls temperature and 

humidity with leathers pasted down to large sheets of glass or metal, or in a 

vacuum dryer where leather is placed on a steel surface and heat is applied under 

vacuum. 

 

Finishing 

The final process is the finishing of the leather. Finishing is not a simple process of 

painting the surface to cover up any imperfections as it contributes to the leathers’ 

durability and aesthetic qualities. The finishes need to be flexible, adhesive, and 

durable and leather that has not had a finish applied will lack the feel, texture, and 

water resistance required for the high end products leather is so well known for. 

Finishing can comprise of different layers with a top finish needing to stick to the 
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base coats and the base coat need to stick to the leather to prevent peeling. The 

finish must be able to withstand a wide range of temperatures and create a 

uniform colour and appearance through a filling action. Leather coatings can be 

divided up into four categories – condensation systems, drying oil systems, lacquer 

systems, and latex systems. Finishing of leather can be done using a combination 

of these coating systems. Condensation systems involve the formation of a film due 

to a chemical reaction, usually heat-activated, between components of the coating 

after application. Drying oil systems form a film when the binder, or film-forming 

material, and oxygen react leaving a film of polymerized fat molecules. Lacquer 

systems are based on a film-forming material containing a solvent being deposited 

onto the leather surface when evaporation occurs. Latex systems contain a binder 

emulsified in water that is deposited on the leather surface when the water is 

evaporated or soaked up by the leather 

In addition to coatings the leather can be dyed and rubbed to achieve a high gloss 

finish. Dying can be done by using the tray dying method or a brush dying method. 

The tray dying method simply involves the immersion of the leather in a shallow 

tray containing the dye and the brush dying method involves the dye being 

brushed on to one side of the leather. 

Finally, the leather is mechanically softened or ‘staked’ by rubbing it over an edge 

to soften the material. 

 

 

2.4 Pericardium and Heart Valves 
 

Heart valve leaflet replacement with bovine pericardium is an established practice 

(Nwaejike and Ascione, 2011) using either adult or neonatal pericardium (Paez et 

al., 2006) and may be performed percutaneously (Cribier et al., 2003). The 

material requires high mechanical strength and a long performance life (Mirnajafi 

et al., 2010). The orientation of collagen in pericardium heterograft materials for 

heart valve leaflets has been shown to affect the stiffness during flexing (Mirnajafi 

et al., 2005). Greater understanding of the properties of these materials and the 
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structural basis for these properties is important for improving the serviceability 

of these replacements. 

Pericardium is a fibrous collagen extracellular matrix material with structural 

similarities to skin and other tissues. The structural differences between neonatal 

pericardium and adult tissue that give rise to the desirable differences in their 

physical properties have not been adequately investigated. This thesis presents a 

study on the comparison of the collagen fibril structure of adult and neonatal 

bovine pericardium using SAXS. To understand Chapter 8, the structure of the 

heart, in particular the pericardium and the heart valves, is detailed below. 

 

 

2.4.1 Structure of the Heart 
 

The heart is responsible for pumping blood around the body. The pumping action 

squeezes the blood out of the heart and through the blood vessels. The heart is 

cone shaped and lies behind your sternum on the left hand side. The main 

structural features of the heart can be seen in Figure 2.11. 
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Figure 2.11. Main structural features of the heart (Waugh and Grant, 2006). 

 

The heart is divided into a left side and a right side, each with one ventricle and 

one atrium. The four chambers are separated by several valves that monitor the 

flow of the blood and ensures the blood is traveling in the correct direction. The 

heart wall is made up of three layers of tissue, the myocardium, the endocardium, 

and the pericardium. The pericardium is a membrane that surrounds and protects 

the heart and is made up of a fibrous layer and a serous layer. The serous layer of 

the pericardium is in turn made up of the visceral pericardium, the pericardial 

cavity, and the parietal pericardium (Figure 2.12). The fibrous pericardium is 

covered by a layer of mediastinal pleura, or pericardial pleura and this layer 

together with the serous pericardium and the fibrous pericardium makes up the 

pericardial sac. 
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Figure 2.12. Layers of the heart wall (Waugh and Grant, 2006). Reprinted from 

Ross & Wilson Anatomy and Physiology in Health and Illness, A. Waugh and A. 

Grant, The Skin, pg 82, copyright 2014, with permission from Elsevier. 

 

The inner layer of the pericardium is the thin, delicate serous layer and the layer of 

the serous pericardium closest to the heart is the visceral pericardium. It envelops 

the myocardium layer of the heart wall and lubricates the tissues as the heart 

beats by secreting fluid into the pericardial cavity. As such the parietal cavity is a 

space filled with fluid that lies between the visceral and the parietal layers of the 

pericardium. The parietal pericardium is the outermost layer of the serous 

pericardium and lines the fibrous layer of the pericardium. This layer also secretes 

pericardial fluid into the pericardial cavity. 

The outer layer of the pericardium is the fibrous pericardium. This layer is a thick, 

dense, tough layer of fibrous connective tissue that anchors the heart in place by 

connecting to the sternum and the diaphragm. The fibrous pericardium provides 

the heart with protection and prevents overstretching of the heart. 
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2.4.2 Heart Valves 
 

The heart valves both monitor the flow of the blood and are composed of dense 

connective tissue covered by endocardium. The valves names reflect their location 

and physical features. The two atrioventricular valves lie between the atrium and 

the ventricle on each side. The bicuspid valve has two flaps; and the tricuspid valve 

has three flaps (Figure 2.13). The right atrioventricular valve (tricuspid valve) has 

three flaps or cusps and the left atrioventricular valve (bicuspid valve) has two 

cusps. 

 

Figure 2.13. Interior of the heart (Waugh and Grant, 2006). Reprinted from Ross 

& Wilson Anatomy and Physiology in Health and Illness, A. Waugh and A. Grant, 

The Skin, pg 83, copyright 2014, with permission from Elsevier. 

 

The flow of blood in the heart is one way and it is the role of the heart valves to 

control this. As such they play a crucial role in the function of the heart. The heart 

can fail to operate as efficiently as possible if the arteries are compromised or the 

valves malfunction. The coronary arteries that provide the heart with its own 

blood supply can clog up and flow of the blood can be slowed greatly. Fixing the 
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clogging of the arteries has become a common procedure and is an example of 

successful percutaneous delivery of a device. The surgeons insert a small tube into 

the blood system that is moved until it is located in the region of the artery that is 

affected. Balloons are then inflated that push the walls of the artery out, widening 

the blocked area. These balloons are often replaced with small tubes called stents 

that are permanently located in the affected area of the artery to keep it wide open 

for easy blood flow. 

Normal function of heart valves occurs when they are able to open and close 

completely and at the proper times. The heart valve can malfunction if the opening 

of the valve narrows or the valve fails to close completely. Stenosis occurs if the 

heart valve opening narrows and the blood flow is restricted, mitral stenosis is 

when the scar formation from a congenital heart disease causes the narrowing of 

the valve opening. Insufficiency or incompetence occurs when the valve fails to 

close completely. Valves can also prolapse causing backflow of the blood. Certain 

diseases such as rheumatic fever can also damage the valves. A valve needs to be 

replaced if its malfunction affects daily activities. Valves can be replaced using 

valves from human donors or pigs and requires open heart surgery. Artificial heart 

valves have been developed using pericardium and can be inserted 

percutaneously, thus avoiding open heart surgery (Figure 2.14).  

 

Figure 2.14. Replacement heart valve folded up and inserted via a stent.  
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2.5 Small Angle X-Ray Scattering for Nanostructural 

Measurements 
 

The macroscopic properties of many materials are strongly influenced by their 

nanostructures. In order to understand such structure-property correlations, it is 

important to venture into characterising the structure and discovering the 

mechanisms of action of these materials on a very small scale. This requires 

specialised techniques capable of analysing at a nanoscale level. 

The complex architecture of leather is physically defined by a hierarchical 

structure of collagen where even the quaternary structure is difficult to access by 

microscopic methods. As such, this fibrous collagen network is a prime example of 

a material that requires exploration at a nanoscale level. In order to characterise 

the structure of collagen a number of techniques can be utilised including the 

following methods:  

- Small Angle X-ray Scattering (SAXS) (Kronick and Buechler, 1986, Basil-

Jones et al., 2011, Purslow et al., 1998, Liao et al., 2005, Basil-Jones et al., 

2012). 

- Infra-Red Microscopy (IR) 

- Extended X-Ray Absorption Fine Structure (EXAFS) 

- X-Ray Absorption Near Edge Structure (XANES) 

- Transmission Electron Microscopy (TEM) 

- Scanning Electron Microscopy (SEM) (Haines, 1984, Deb Choudhury et al., 

2007b, Kielty and Shuttleworth, 1997, Barlow, 1975) 

- FTIR Microscopy 

- Reflection anisotropy (Schofield et al., 2011) 

- Confocal Scanning Optical Microscopy 

- Confocal laser scattering (Jor et al., 2011) 

- Multiphoton microscopy (Lilledahl et al., 2011) 

- Raman polarisation (Falgayrac et al., 2010) 

- Anisotropic raman scattering (Janko et al., 2010) 

- Small angle light scattering (Billiar and Sacks, 1997)  
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- Atomic Force Microscopy (AFM) (Deb Choudhury et al., 2007b, Reich et al., 

1999, Edmonds et al., 2008, Friedrichs et al., 2007).  

 

These methods allow structures to be defined on a scale that is almost 

incomprehensible. In an attempt to try and grasp the concept of the length scales 

being measured, a nanometre can be looked at in relation to something small that 

is familiar. A single sheet of paper is about 100,000 nanometres thick, a single 

human hair is approximately 80,000-100,000 nanometres wide and the head of a 

pin is about 1 million nanometres across (See Figure 2.15 for a larger scale 

comparison). With these dimensions in mind, it becomes apparent that the 

capabilities of the techniques listed above to study on a nanoscale level are 

impressive to say the least. 

 

Figure 2.15. Electromagnetic spectrum with real life objects to illustrate scale 

lengths. Adapted from: http://lasp.colorado.edu/~bagenal/1010/SESSIONS/13. 

Light.html 

 

Synchrotron based technique small angle X-ray scattering provides a brilliant 

platform for nanostructure analysis and has been used by researchers since the 
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early to mid-1900’s to explore and characterise the structure of collagen 

(summarised by Gustavson (Gustavson, 1956)). The majority of the work 

presented in this thesis is based on experimental studies completed using small 

angle X-ray scattering. Imaging techniques (transmission electron microscopy and 

atomic force microscopy) compliment small angle X-ray scattering and have 

enabled in depth nanostructural analysis and visualisation of the collagen network 

of leather and other extracellular matrix materials. 

Small angle X-ray scattering (SAXS) is a powerful tool for the study of 

macromolecular structures. SAXS can be used to study the long range order of 

materials and complex molecules in the size range of 1 – 500 nm. This makes it 

ideal for the exploration of protein assemblages such as collagen. The high spatial 

resolution combined with high penetration depth for many materials makes 

synchrotron X-rays a particularly attractive method to analyse the structure and 

texture of materials. The fast measuring time, high penetration power, and small 

wavelength offers the possibility to conduct in situ measurements under various 

sample environments. 

SAXS can provide information on macromolecules in solid materials or in solution 

(Bernado et al., 2007, Tsutakawa et al., 2007, Putnam et al., 2007, Petoukhov and 

Svergun, 2006). The structural analysis of materials based on the diffraction of X-

rays can be used to generate information such as the preferred orientation, a 

feature that can then be linked to mechanical and other material properties 

(Burger et al., 2010).  

SAXS provides an ideal platform for nanostructure analysis and has previously 

been used to investigate collagen structure (Cameron et al., 2002, Maxwell et al., 

2006, Orgel et al., 2001, Wilkinson and Hukins, 1999) and other collagen rich 

materials such as tendon (Sasaki and Odajima, 1996a, Sasaki and Odajima, 1996b, 

Fratzl et al., 1993, James et al., 1991a), bone (Burger et al., 2008a, Burger et al., 

2001, Cedola et al., 2006, Burger et al., 2008b, Fratzl et al., 1997, Cedola et al., 

2007), cornea (Fratzl and Daxer, 1993), articular cartilage (Mollenhauer et al., 

2003, Mollenhauer et al., 2002), and leather (Boote et al., 2002, Sturrock et al., 

2004, Basil-Jones et al., 2011, Kronick and Buechler, 1986, Basil-Jones et al., 2012). 
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Structural studies of collagen under tension have also been conducted (Folkhard et 

al., 1987b, Misof et al., 1997, Puxkandl et al., 2002, Sasaki et al., 1999).  

Over the past decade remarkable progress has been made in SAXS data analysis 

methods (Svergun and Koch, 2003). The possibilities of the technique have been 

broadened enabling 3D models to be reconstructed and previously baffling 

structures to be revealed (Gajda et al., 2013).  

Synchrotron radiation is the building block upon which all synchrotron techniques 

are made from. This section will endeavour to illustrate the concepts of 

synchrotron radiation and SAXS with a focus on the analysis of collagen matrix 

materials.  

 
 

2.5.1 Synchrotron Radiation 

 

Figure 2.16. Synchrotron radiation emitted from charged particles spiralling in a 

magnetic field. Adapted from: http://pages.uoregon.edu/jimbrau/BrauImNew 

/Chap24/6th/24_ 35Figurea-F.jpg 
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Synchrotron radiation occurs when a charged particle, a proton or an electron, is 

radially accelerated (Figure 2.16). This happens when the charged particle comes 

across a magnetic field. The particle is accelerated into a circular, spiral motion 

that follows the magnetic field and it emits electromagnetic radiation called 

synchrotron radiation in the process. The acceleration and deflection of the 

charged particles keeps them in a circular orbit.  

In 1947, the radiation was first observed at the General Electric 70MeV 

Synchrotron in Schenectady, New York and as such was dubbed ‘synchrotron 

radiation’ (Elder et al., 1947). Synchrotrons have since evolved with large, 

particularly expensive facilities built dedicated to producing synchrotron 

radiation. The Australian Synchrotron, pictured in Figure 2.17, is the closest 

synchrotron to New Zealand and as such was used for the entirety of the work 

presented in this thesis. It was built with an initial investment of AU$157 million 

by the Victorian Government. Additional support totalling AU$50 million was 

provided by the Australian and New Zealand governments along with universities 

and major research institutions such as the Australian Nuclear Science and 

Technology Organisation (ANSTO) and the Commonwealth Scientific and 

Industrial Research Organisation (CSIRO). 

 

Figure 2.17. The Australian Synchrotron. From: http://adm.monash.edu/records-

archives/archives/memo-archive/2004-007/stories/20080305/synchrotron.html 
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A synchrotron features charged particles that are kept in a closed orbit at constant 

energy in a ring called a ‘storage ring’. It is this large, circular storage ring that 

denotes the circular shape of most synchrotrons. The basic components of a 

synchrotron are displayed in Figure 2.18 and the Australian Synchrotron set up is 

explained in detail below. 

 

Figure 2.18. Components of a synchrotron: 1) electron gun; 2) linac; 3) booster 

ring; 4) storage ring; 5) beamline; 6) end station. Adapted from: 

https://www.synchrotron.org.au/synchrotron-science/how-is-synchrotron-light-

created. 

 

Electrons are generated in the centre of a synchrotron by the electron gun. This is 

done by heating a barium compound cathode to approximately 1000°C. Using 

90,000 volts, bunches of electrons are accelerated away from the cathode surface 

and out of the gun. These charged particles are accelerated by the linear 

accelerator (linac) to 99.9987% the speed of light and then transferred to the 

booster ring where their energy is increased to 3GeV. The electrons complete 

approximately 1 million laps around the booster ring in half a second before they 

are transferred to the storage ring. The electrons move around the closed orbit for 

30-40 hours at a constant energy and continuously produce synchrotron light. A 

top-up mode is used at the Australian Synchrotron to ensure the number of 
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circulating electrons remains constant. This is where every two minutes or so 

more electrons can be injected into the storage ring. Each electron completes 1.4 

million laps of the storage ring every second. The storage ring houses bending 

magnets that are separated by straight sections. When the electrons pass through 

a bending magnet, the charged particles are forced into a radial motion rather than 

continuing on a straight path (Figure 2.20). When electrons are deflected they emit 

electromagnetic radiation, or ‘synchrotron radiation/light’, producing a beam of 

synchrotron light at each turn. Each beam of light is 1 million times brighter than 

the sun and is focused down long pipelines called beamlines. At the end of each 

beamline is an end station where the synchrotron light encounters the sample. 

 

 

Figure 2.19. A bending magnet changing the path of an electron. Adapted from: 

https://www.synchrotron.org.au/synchrotron-science/how-is-synchrotron-light-

created. 

 

It has been found that special magnetic insertion devices placed in the straight 

sections of the storage ring significantly increase the intensity of light. Wigglers 

and undulators are the two types of special magnetic insertion devices that have 

become key components of storage rings in the past 20 years (Reimers, 2007). 



 

46 
 

These special magnetic insertion devices are normally a few metres in length and 

consist of periodic magnetic multipoles. A wiggler (Figure 2.20a) is a multipole 

magnet that causes the electrons to repeatedly change direction. At each bend, a 

cone of light is emitted and preceding cones of light superimpose on one another 

so that the intensity of the light increases with every bend. An undulator (Figure 

2.20b) is a series of magnets that are not as strong as those used in a wiggler so the 

bends in the path of the electron are not as sharp. Cones of light are still emitted at 

each bend but they only just overlap one another and certain wavelengths are 

enhanced. The repetitive left and right turns of the electron bunches when passing 

through a wiggler or an undulator significantly enhances the synchrotron 

radiation whilst ensuring there is no net deviation from the original direction of 

travel. 

 

 

 

Figure 2.20. (a) a wiggler and (b) an undulator enhancing the intensity of the 

synchrotron radiation. Adapted from: https://www.synchrotron.org.au/ 

synchrotron-science/how-is-synchrotron-light-created. 

(a) 

(b)
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2.5.2 General Theory of SAXS 
 

SAXS utilises a narrow beam of monochromatic X-rays and is based on the theory 

of diffraction. Diffraction is the interference of waves scattered by an object. In the 

case of X-rays, every electron becomes the source of a scattered wave. The 

scattered X-ray waves form an interference pattern if the atoms are arranged in a 

crystal lattice.  A two dimensional detector can capture an entire scattering pattern 

at once (Figure 2.21).  

 

Figure 2.21. Basic SAXS experimental configuration. 

 

The diffraction pattern is dependent on a number of aspects; the incident wave 

angle, the scattering angle, the crystal structure, and the chemical make-up of the 

sample. The scattering angle, 2θ, is inversely proportional to the particle size so 

the larger the distance between two particles or two crystal planes, the smaller the 

scattering angle (Glatter and Kratky, 1982). SAXS diffraction scans are typically 

measured at angles less than 10 degrees. This angular scattering range of a few 
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degrees right down to a few hundredths of a degree enables structural analysis in 

the particularly topical nanoscale length range (McGuire, 2003). 

 

 

2.5.3 Bragg’s Law 
 

Bragg’s Law has formed an integral part of the analysis of collagenous matrix 

materials presented in this thesis. The origins of the law are presented below to 

gain more of an understanding of the concepts involved and how it came about.

X-ray diffraction of a crystalline solid was found to produce surprising patterns of 

reflected X-rays by William Lawrence Bragg and his father William Henry Bragg in 

1913 (Thomas, 1990). Bragg explained this pattern by modelling the crystal as a 

set of parallel planes separated by a constant parameter d. Intense peaks, 

otherwise known as Bragg peaks, occur when scattered waves interfere 

constructively. Bragg’s law describes the condition for constructive interference 

from successive planes of the crystalline lattice and is illustrated in Figure 2.22 

where n is an integer, λ is the wavelength of the incident wave, d is the spacing 

between the planes in the atomic lattice, and θ is the angle between the incident 

ray and the scattering planes. 

 

Figure 2.22. Illustration of Bragg’s Law. 
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This illustration (Figure 2.22) showcases a crystalline solid approached by two X-

ray beams with identical wavelengths. The beams are scattered off two different 

atoms with the lower beam traveling an extra distance of 2dsinθ. Constructive 

interference occurs when this extra length is equal to an integer (n) multiple of the 

wavelength of the incident X-ray (λ). 

The roots of Bragg’s law really go back to 1912 when Laue and a small group of 

scientists made the ground-breaking discovery of X-ray diffraction by crystals. 

Walter Friedich, Paul Knipping, and Max von Laue submitted a one page report to 

the Bavarian Academy of Science stating they were “engaged since April 21, 1912 

with experiments about the interference of X-rays passing through crystals” 

(Eckert, 2012). The report laid their claims on the discovery prior to it being 

formally communicated in a published paper and was backed up by a sketch of the 

experiment apparatus (Figure 2.23) and some exposures that were sent in with 

the report.  

 

Figure 2.23. Friedich and Knipping’s improved experimental set-up (Ewald, 

1962). Reprinted from Fifty Years of X-ray Diffraction, P. P. Ewald, Laue’s 

Discovery of X-ray Diffraction by Crystals, pg 41, copyright 1962, with permission 

from Springer. 
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Figure 2.24. Zincblende Laue photographs along (a) four-fold and (b) three-fold 

axes (Ewald, 1962). Reprinted from Fifty Years of X-ray Diffraction, P. P. Ewald, 

Laue’s Discovery of X-ray Diffraction by Crystals, pg 42, copyright 1962, with 

permission from Springer. 

 

It was Laue who started to develop a theory based on the assumption that X-rays 

were electromagnetic radiation. Laue surmised it might be possible for a crystal 

irradiated with X-rays to give off diffraction effects. On 8th June 1912 at a meeting 

of the Bavarian Academy, Laue presented an introduction on the theory of 

diffraction by a three-dimensional lattice (Thomas, 1990). The exciting and truly 

(b) 

(a) 
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ground-breaking discovery quickly gained Max von Laue a Nobel Prize in 1914 for 

“his discovery of the diffraction of X-rays by crystals” (Nobelprize.org, 2014). 

Unfortunately, Laue went wrong when he considered the experimental results 

from ZnS (Figure 2.24). He fixated on an erroneous notion that the observed 

effects were associated with X-rays arising in the crystal. Laue also assumed the 

crystal had a basic cubic structure with one molecule per unit cell. However, 

despite the flawed assumptions behind his theory, Laue established the wave like 

nature of X-rays through his explanation of diffraction as the phenomenon causing 

the observed spots for ZnS. 

Sir Lawrence Bragg and his father William Henry Bragg were very much interested 

in the nature of X-rays and Laue’s paper intrigued them. Bragg was able to piece 

together a collection of several different pieces of knowledge from lectures he had 

attended that culminated in Bragg’s law and provided the answer to Laue’s ZnS 

spots.  

 

Figure 2.25. Change of shape of X-ray reflections as the photographic plate was 

moved further away from the crystal (Thomas, 1990). 
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X-ray reflections were round when the plate was close to the crystal. These 

reflections that were round became elliptical in the horizontal direction when the 

photographic plate was moved further away from the crystal (Figure 2.25). Bragg 

pointed out that an incident cone of X-rays of continuously varying wavelengths 

that are reflected by lattice planes would come to focus in the vertical direction but 

would spread out in the horizontal direction (Thomas, 1990). 

The idea that sheets of atoms in the crystals reflected formless X-ray pulses came 

to Bragg. If regarded in such a way then, similar to Wilson’s treatment of a 

diffraction grating (using a diffraction grating white light could be a succession of 

formless pulses which the lines of a diffraction grating convert into a train of 

waves (Thomas, 1990)), a wave train would be formed from the pulses reflected 

from successive equidistant sheets. Since the path difference between the waves of 

the reflected train is 2d sin θ where θ is the glancing angle at which the radiation 

falls on the planes and d is their spacing, it followed immediately that the 

wavelengths (λ) of the different orders of reflection would be given by nλ=2dsinθ 

where n is an integer. Bragg then drew upon the idea that lattices could be both 

simple cubic or face-centred lattices from a lecture by Gosling on crystal 

structures. Laue had previously tried to describe the observations of ZnS based on 

a simple cubic structure. Bragg endeavoured to explain the ZnS diffraction 

photographs assuming the structure is a face-centred cubic lattice. Everything fell 

into place. Bragg showed that the Laue pictures were made by a continuous range 

of X-ray wavelengths, a kind of white radiation, and that X-ray diffraction could be 

used to get information about the crystal structure. This was the start of X-ray 

analysis of crystals. Sir Lawrence Bragg and his father were awarded a Nobel Prize 

in Physics in 1915 for “their services in the analysis of crystal structure by means 

of X-rays” (Nobelprize.org, 2014). 

Bragg’s Law made it possible for crystal structures to be explored and defined with 

collagen being a prime example of this. Collagen fibrils showcase axial periodicity. 

This d banding pattern includes a gap region and an overlap region in every d 

spacing period. SAXS patterns of collagen produce Bragg peaks due to this highly 

repetitive structure. As such it is possible to determine the d spacing of the 

collagen fibrils from the location of the Bragg peaks. 
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2.5.4 SAXS of Collagen Biomaterials 
 

SAXS diffraction patterns of fibrous collagen biomaterials such as leather hold 

information on the arrangement of fibrils within a sample, the axial periodicity of 

the collagen, and the fibril diameter of the collagen. 

Previously, the structure of leather has been investigated using SAXS. Boote et al 

(Boote et al., 2002) demonstrated that when subjected to increasing amounts of 

strain the collagen fibrils become more aligned. Sturrock et al (Sturrock et al., 

2004) continued on leading to the discovery that the application of biaxial strain 

during the drying of leather leads to substantial increases in its stiffness. The 

increase was attributed to a reorientation of the collagen fibrils in planes 

perpendicular to the surface. Later it was proven that SAXS provides a wealth of 

useful information that may be used to characterize and compare leathers, skin, 

and connective tissue. The degree of fibre orientation and the dispersion of the 

orientation has been quantified in leather (Basil-Jones et al., 2010).  

A clear understanding of a nanostructural characteristic of ovine and bovine 

leather that leads to differences in strength was defined using information 

extracted from SAXS patterns. A correlation has been found between the tear 

strength and the orientation of collagen microfibrils in ovine and bovine leather 

with stronger leather having more fibrils aligned with the surface of the leather, 

with less cross-over between layers, than weak leather (Basil-Jones et al., 2011). 

The structural changes of leather when subjected to strain have been defined. 

Initially an increase in the orientation index was observed as the fibrils reorient 

under strain. This is followed by a secondary mechanism occurring when the 

stress is taken up in the individual fibrils showcased by an increase in the D-

spacing (Basil-Jones et al., 2012). X-ray measurements have been used to 

characterise the orientation of collagen microfibrils from various locations on a 

hide. It was demonstrated that the orientation of collagen fibrils does not vary 

significantly between different positions in ovine skins which was in contrast to 

bovine hides (Basil-Jones et al., 2013).  
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Chapter 3 : Collagen Orientation and Leather Strength for 

Selected Mammals 

Collagen materials have a mechanical function, so the manner in which collagen 

provides them with their strength is of fundamental importance. Previously it has 

been shown that the orientation of collagen fibrils is correlated with strength; 

understanding whether this correlation extended across a number of different 

species formed the basis of this investigation. This study shows that the tear 

strength of leather across seven species of mammals depends on the degree to 

which collagen fibrils are aligned in the plane of the tissue. Tear-resistant material 

has the fibrils contained within parallel planes with little cross-over between the 

top and bottom surfaces. The orientation index is shown to be linearly related to 

tear strength such that greater alignment within the plane of the tissue results in 

stronger material, for example deer leather (Figure 3.1b), while a weaker material 

has greater cross-over between the planes of the leather as is seen in sheep leather 

(Figure 3.1a). The statistical confidence and diversity of animals suggests that this 

is a fundamental determinant of strength in tissue. This insight is valuable in 

understanding the performance of leather and skin in biological and industrial 

applications.

 
Figure 3.1. Structure-strength relationship of leather: (a) sheep leather with a 

lower orientation with more cross-over within planes, weaker material; (b) deer 
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leather with a higher orientation with less cross-over within planes, stronger 

material (Sizeland et al., 2013). 

 

The following investigation has been published in the Journal of Agricultural and 

Food Chemistry, Volume 61, Issue 4, pages 887-892 and can be found in Appendix 

10.1. 

 

 

3.1 Introduction 
 

The strength of collagen materials is of crucial importance both in medical and 

industrial contexts. Collagen is the main structural component of skin (Fratzl, 

2008), leather, and some medical scaffolds (Floden et al., 2010). Medical 

conditions can arise when tissues do not have the required mechanical strength, 

such as in aneurysms (Lindeman et al., 2010), cervical insufficiency (Oxlund et al., 

2010), osteoarthritis (Narhi et al., 2011), and damaged articular cartilage (Stok 

and Oloyede, 2003). In addition, bone is a composite material in which the 

structure of collagen is considered important for bone toughness (Zimmermann et 

al., 2011, Skedros et al., 2006). Strength is also a requirement for collagen-based 

medical materials such as extracellular matrix scaffolds (Floden et al., 2010) and 

processed pericardium for heart valve repair (Jobsis et al., 2007). Leather, which is 

processed skin consisting mostly of collagen, is produced on a large scale for 

shoes, clothing and upholstery (Commodities and Trade Division, 2010), with high 

strength being a primary requirement for high-value applications.  

Factors that have previously been considered as possibly contributing to the 

strength of collagenous materials include the amount of collagen present, the 

molecular structure of the collagen (D-spacing, collagen type), the nature of the 

cross linking between collagen (Chan et al., 2009), collagen bundle size, and 

collagen orientation. Of these, much attention has been given to collagen 

orientation which has been investigated in the cornea (Boote et al., 2011, Kamma-
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Lorger et al., 2010), heart valve tissue (Sellaro et al., 2007), pericardium (Liao et 

al., 2005), bladder tissue (Gilbert et al., 2008), skin (Purslow et al., 1998), and the 

aorta (Gasser, 2011).  

Crimp, the sinuous arrangement of fibre bundles, has been associated with high 

strength  in tendons (Franchi et al., 2007) as well as in heart valves (Joyce et al., 

2009), with high crimp resulting in high strength. However, in studies of processed 

skins of varying strength, crimp was not observed (Basil-Jones et al., 2011). 

Collagen orientation has been measured by reflection anisotropy (Schofield et al., 

2011), atomic force microscopy (Friedrichs et al., 2007), small angle light 

scattering (Billiar and Sacks, 1997), confocal laser scattering (Jor et al., 2011), 

Raman polarization (Falgayrac et al., 2010), anisotropic Raman scattering (Janko 

et al., 2010), multiphoton microscopy (Lilledahl et al., 2011), and small angle X-ray 

scattering (SAXS) (Kronick and Buechler, 1986, Basil-Jones et al., 2011, Basil-Jones 

et al., 2012). 

Previously studied was ovine and bovine leather of differing strengths (Basil-Jones 

et al., 2011) which found a statistically significant relationship between tear 

strength and edge on orientation. It was speculated that this trend may be of a 

more general nature. This formed the basis of this investigation and fibril 

orientation in seven species of mammals was measured to see if this relationship 

held true.  

 

 

3.2 Experimental Procedures 

 

3.2.1 Leather Processing and Sampling 

 

The Leather and Shoe Research Association Inc. (LASRA) provided all leather 

samples for analysis. Samples from ovine skins provided the basis for majority of 

the work presented in this thesis. The processing method for these skins followed 
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conventional tanning and beamhouse processes. Specific details of these processes 

are outlined below along with the selection of the samples.  

Ovine pelts were obtained from five-month-old, early season, New Zealand 

Romney cross lambs. The skins were washed with cold water, dried, and salted. As 

“salted green” skins they were stored until needed. When needed, after mechanical 

removal of adhering fat and flesh, conventional lime sulfide paint, comprising 140 

g/L sodium sulfide, 50 g/L hydrated lime and 23 g/L pre-gelled starch thickener, 

was applied to the flesh side of the skin at 400 g/m². The residual keratinaceous 

material was then removed over a period of 16 hours in a 1.2% solution of sodium 

at 20°C. The pelts were then washed to remove the lime and the pH lowered to 8 

with ammonium sulfate, followed by the addition of 0.1% (w/v) Tanzyme (a 

commercial bate enzyme, Tryptec Biochemicals, Ltd.). This was followed by 

pickling in a 2% sulfuric acid and 10% sodium chloride solution. Using oxazolidine 

the pickled pelts were pretanned, degreased with an aqueous surfactant, and then 

washed. The skins were neutralised in 8% NaCl, 1% disodium phthalate solution 

(40% active; Feliderm DP, Clariant, UK) and 1% formic acid for 10 min. The 

running solution was then made up to 5% chrome sulphate (Chromosal B, Lanxess, 

Germany) and processed for 30 min followed by 0.6% magnesium oxide addition, 

based on the weight of the skins, to fix the chrome, and processed overnight at 

40°C. 

The partially processed skins or “wet blue” pelts were then retanned as follows. 

Wet blue pelts were first neutralised in 1% sodium formate and 0.15% sodium 

bicarbonate for 1 h. The neutralised wet blue was then washed in two volumes of 

water and retanned in one volume of water containing 2% synthetic retanning 

agent (Tanicor PW, Clariant, Germany) and 3% vegetable tanning material 

(Mimosa, Tanac, Brazil).  

Finally, 6% mixed fat liquors were added and the leathers processed at 50°C for 45 

minutes. The leather was then fixed by adding 0.5% formic acid and processed for 

30 minutes. The leather was drained and washed in three volumes of cold water 

prior to mechanical softening. 
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Leather sampling was done using the following procedures. Samples were cut on a 

flat surface with a sharp scalpel and a ruler using an even downward pressure. It 

was ensured prior to cutting that the sampling area was free from all obvious 

defects such as scratches and cuts. All samples were cut from the official sampling 

position (OSP) on the left or the right side of the backbone, a position defined by 

Williams (Williams, 2000b) and pictured as the shaded area in Figure 3.2a. Figure 

3.2b gives a clear indication as to the location of the OSP in relation to the anatomy 

of the animal. 

 

                             

Figure 3.2. Representation of a hide or skin showing the sampling location for 

whole hides, skins and sides: (a) From Williams (Williams, 2000b) where B is the 

OSP 

(a) 

(b) 
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root of the tail, AD is a line perpendicular to BC, AC=2AB, AF=FD, JK=EF, GE=EH, 

HL=LK=HN, and AE=50 mm ± 5 mm; (b) simplification of hide showing the OSP in 

relation to anatomical features of the animal. 

 

When investigating the nanostructure of the collagen fibril network of leather 

using synchrotron based SAXS, the samples are placed in the beamline so the full 

plane of the leather facing the beam is analysed. This provides information on the 

structure in the x and y directions, but not the z direction. For this work it was 

important to gain a full three dimensional view of the material. In order to achieve 

this, samples were cut in different directions from the leather pelts. 

 

Figure 3.3. Sample cut from the OSP will either be cut as a square for flat on 

analysis or will be cut along the dotted lines of the square for samples that are 

parallel or perpendicular to the backbone of the hide. 

 

All samples were cut from the OSP in directions either perpendicular or parallel to 

the backbone of the hide as shown in Figure 3.3 where the backbone is indicated 

by the dotted line up the centre of the pelt. These samples were named “edge on” 
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as when they are placed in the beamline, analysis is done to show the collagen 

fibrils through the full thickness of the leather. Samples cut for static, edge on 

analysis measure approximately 1 mm x 30 mm. While the samples may seem thin 

with a width of 1 mm, the beam size is only 250 x 80 μm so a large sample is not 

needed to obtain a number of measurements across the leather surface. Majority 

of measurements are performed through the thickness of the leather to gain 

structural values for both the corium and grain layers of the sample. It is not 

necessary to have a wide sample when doing this as the full thickness of the 

sample can still be analysed. To obtain information in the third dimension, 

samples need to be analysed from the top surface of the leather. To do this square 

samples were cut for analysis and placed with the beam pointing perpendicular to 

the surface of the grain. These samples were named “flat on” and measured 

approximately 30 mm x 30 mm. For these samples the beam passes through both 

the grain and the corium layers and allows the structure to be visualised in the z 

direction. For individual analysis of each layer the square sample was carefully 

sliced along the intersection of the grain and the corium. The thickness, length, and 

width of all samples was measured with callipers using a light and consistent force 

and recorded for future use. Details of all samples were recorded when cut and the 

samples were stored at room temperature in small, numbered, lidded glass or 

plastic vials to ensure no information was lost and samples remained unharmed 

and easily identifiable after transportation (Figure 3.4). 

 
Figure 3.4. An example of the leather samples in plastic and glass vials for storage 
and transportation. 



 

61 
 

3.2.2 Small Angle X-Ray Scattering 

 

Small angle X-ray scattering is a technique that is able to provide a wealth of 

knowledge about macromolecules on the micro scale. As such it is an ideal 

platform for the nanostructural analysis of collagen based extracellular matrix 

materials such as leather. 

 

Figure 3.5. SAXS/WAXS beamline at the Australian Synchrotron. 

 

The Australian Synchrotron is a world class facility that provides scientists and 

researchers with the opportunity to undertake ground breaking research. Ranging 

from infrared to hard X-rays the Australian synchrotron is a source of highly 

intense light that can be used across a broad spectrum of research purposes. A 

research facility of such a high calibre is of course in high demand and beamtime 

on every single one of the beamlines at the Australian Synchrotron is highly 

oversubscribed to. Applications for beamtime to analysis fibrous collagen 

materials on the SAXS/WAXS beamline (pictured in Figure 3.5) have been 

successful. 

 At the SAXS beamline each sample was mounted without tension on a custom 

made plate with a grid of 64 or 132 holes with a 10 mm diameter. Samples were 
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mounted in two orthogonal directions through the leather; edge on and flat on. 

Figure 3.6 depicts the direction of the beam for each sample. Edge on samples 

were fixed to the plate so the full thickness of the leather was subjected to the X-

ray beam and measurements were made every 0.25 mm from the grain to the 

corium. Flat on samples were fixed with the uncut face of the leather directed 

towards the X-ray beam which was perpendicular to the surface of the leather and 

four measurements were made per sample in a rectangular grid.  

 

 

Figure 3.6. Direction of beam on the sample for edge on and flat on sample 

directions. 

 

Each sample was mounted horizontally across one of the holes and attached to the 

plate using adhesive tape (Fig 3.7a shows edge on mounted samples). When it was 

critical that a sample did not dry out and kept its moisture content the sample was 

placed within one of the holes on the plate and sandwiched in place using kapton 

tape on both sides of the sample (Fig 3.7b). Kapton tape does not interfere with the 

diffraction process so has no impact on the results and provides protection to stop 

the sample from drying out. All plate samples were mounted without tension. Once 

all the samples are taped in place the plate was attached to a sample stage in the 
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SAXS beamline. This stage is able to be remotely controlled from outside the 

beamline hutch and a camera enables the samples to be seen by the beamline user. 

Static samples only take approximately 10 minutes per sample to collect the 

diffraction patterns. The remotely controlled sample stage and plate loaded with 

up to 132 samples is hugely beneficial for maximising the time on the SAXS 

beamline. If the sample had to be manually changed, the user would have to not 

only load a new sample into the beamline every time but go through the standard 

safety procedures required as well, all of which would probably double the 

allocated time per sample. 

 

 

Figure 3.7. (a) edge on samples mounted on the plate ready to be inserted into the 

beam; (b) wet edge on samples sandwiched between kapton tape on the plate and 

ready to be inserted into the beam. 

(a) 

(b) 
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Diffraction patterns were recorded on the Australian Synchrotron SAXS/WAXS 

beamline, using a high-intensity undulator source. An energy resolution of 10-4 

was obtained from a cryo-cooled Si(111) double-crystal monochromator and the 

beam size (full width at half maximum [FWHM] focused at the sample) was 250 x 

80 μm, with a total photon flux of about 2 x 1012 photons s-1. Diffraction patterns 

were recorded with an X-ray energy of 8 keV using a Pilatus 1M detector with an 

active area of 170 x 170 mm and a sample-to-detector distance of 3371 mm. 

Exposure time for the diffraction patterns was 1 second and data processing was 

carried out using the SAXS15ID software (Cookson et al., 2006). 

 

Diffraction patterns as shown in Figure 3.8a were obtained for each point 

analysed. These patterns can be integrated to produce intensity plots that display 

Bragg peaks (Figure 3.8b). 

 

 
Figure 3.8. (a) SAXS diffraction pattern; (b) plot of intensity versus q. 

(a) 
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The diffraction patterns obtained from the SAXS beamline at the Australian 

Synchrotron hold a surprisingly large amount of information on the structure of 

the material being analysed. This work focuses on the orientation and the D-

spacing of the collagen fibrils. Data was processed using scatterBrainAnalysis 

(Cookson et al., 2006) and Microsoft Excel. Two important structural aspects of 

collagen, the orientation index and the D-spacing, are able to be extracted from 

SAXS diffraction patterns and remain at the centre of the work presented in this 

thesis.  

The orientation index, OI, is defined as (90° – OA)/90°, where OA is the minimum 

azimuthal angle range, centred at 180°, that contains 50% of the microfibrils 

(Sacks et al., 1997, Basil-Jones et al., 2010). Using the spread in azimuthal angle of 

one or more D-spacing diffraction peaks. The peak area is measured above a fitted 

baseline, at each azimuthal angle. OI provides a measure of the spread of 

microfibril orientation. An OI approaching 1 indicates that the microfibrils are 

parallel to each other and the leather surface while an OI of 0 indicates the 

microfibrils are randomly oriented. The OI was calculated from the spread in 

azimuthal angle of the most intense Bragg peak which occurs at a q value of 

around 0.059–0.060 Å. Each OI value presented here represents the average of 14–

36 measurements of one sample. For this investigation the sheep and cattle OI 

averages are derived from 228, 249 and 167 measurements from 15, 14 and 10 

samples, respectively and have been reported previously (Basil-Jones et al., 2011). 

It is not necessary that the samples are highly representative of the particular 

animal species for general strength-structure relationships to be studied; that 

there is a range of skins with different strengths is important, although the 

observed strengths for each species are within industry norms.  

The axial periodicity or D-spacing of collagen provides an indication of the 

nanostructural architecture of collagen microfibrils. The D-spacing is determined 

for each pattern by taking the central position of a Gaussian curve fitted to one or 

several of the collagen peaks, dividing these by the peak order (usually from n = 5 

to n = 10), and averaging the resulting values. To do this each of the SAXS 

diffraction patterns is converted to an ASCII file using scatterBrainAnalysis and 

this is pasted into an Excel template spreadsheet. The Excel template creates a plot 
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of intensity versus scattering vector, q (as was shown in Figure 3.8b). The q range 

to be analysed is manually selected, ensuring the full width of the peak is 

incorporated. The peak fitting function determines the order of the Bragg peak and 

the location of it. Standard analysis is based on the 5th to the 9th Bragg peaks.  

 

 

The scattering vector q can be defined as; 

      (equation 1) 

 

 

Equation 2 can be rearranged to give λ; 

     (equation 2) 

 

Bragg’s law is: 

    (equation 3) 

 

Substituting equations 2 into equation 3 gives; 

   (equation 4) 

 

Dividing equation 4 by 2 sinθ yields; 

 

 

 

Where n = peak order and d = D-spacing.  

 

The D-spacing was determined for each pattern by taking the central position of 

several of the collagen peaks, dividing these by the peak order (usually from n = 5 

to n = 10) and averaging the resulting values. 
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3.2.3 Tear Strength Testing 

 

Tear strengths were measured for all samples using standard methods (Williams, 

2000a). Samples were cut from the leather at the OSP (Williams, 2000b). The 

samples were then conditioned at a constant temperature and humidity (20 °C and 

65% relative humidity) for 24 h and then tested on an Instron 4467 (Figure 3.9 

below). 

 

 

Figure 3.9. Tear test on a leather sample: (a) at start of test; (b) part way through 

test (Sizeland et al., 2013). 
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3.3 Results 

           

Figure 3.10. SAXS analysis of leather. a) A raw SAXS pattern; b) integrated 

intensity of a whole pattern (Sizeland et al., 2013). 

 

The SAXS patterns display rings representing the collagen fibril repeating 

structure (Figure 3.10a). The integrated intensity of the whole pattern enables the 

position of these peaks to be clearly identified (Figure 3.10b) and from these the 

D-spacing is determined. The D-spacing varied from 0.628 to 0.653 nm (Figure 

3.11) but there is no significant correlation between D-spacing and strength. 

 

Figure 3.11. Collagen D-spacing and tear strength for leather from different 

animals (Sizeland et al., 2013). 
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For any of the rings visible in the SAXS pattern, which correspond to a peak in the 

meridonal angle, the variation in intensity with azimuthal angle can be plotted 

(Figure 3.12), which gives a quantitative measure of fibril orientation, represented 

here as an orientation index (OI). 

 

Figure 3.12. Azimuthal variation in intensity at one value of q (one collagen peak) 

(Sizeland et al., 2013). 

 

There is a large difference in OI between the measurements taken flat on or 

normal to the leather surface and measurements taken edge on to the leather. The 

OI normal to the surface is in the range 0.18 – 0.35, with the exception of horse 

leather (Figure 3.14a), whereas for the edge on measurements the range is 0.41 – 

0.63 (Figure 3.14b). Therefore the major component of fibril alignment is planar. 
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Figure 3.13. Collagen fibril orientation and tear strength for leather from different 

animals: (a) measured flat on; (b) measured edge on (Sizeland et al., 2013). 

 

There is a strong correlation between tear strength and OI (Table 1; Figure 3.13b) 

for the edge on measurements, with a least squares fitted slope of 0.0024 mm/N (n 

= 8, r2 = 0.98, P < 0.0001). This is a remarkably good correlation. Edge on analysis 

provides a measure of fibril orientation not frequently accessed. It conveys the 

degree to which the collagen fibrils are organised in parallel planes as opposed to 

crossing between the top and the bottom surfaces of the skin.  

For the measurements on the flat, if horse leather is excluded as an outlier, then 

there is little correlation between tear strength and OI (Figure 3.13a) with a least 

squares fitted slope of 0.0003 mm/N (n = 7, r2 = 0.06, P = 0.60), suggesting the 

slight possibility of a negative correlation. This is the more widely used direction 

of analysis for collagen fibril orientation measurements. 
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Table 3.1. Leather tear strength compared with orientation index (OI) of collagen 

fibrilsa. 

 

Animal Scientific name 

Tear strength 

normalized 

for thickness 

(N/mm) 

OI measured 

edge on 

(average 

through 

thickness) 

sheep 

(selected weak) 
Ovis aries 20 0.420 

possum Trichosurus vulpecula 21 0.408 

sheep 

(selected strong) 
Ovis aries 40 0.460 

cattle 
Bos primigenius 

taurus 
63 0.490 

goat 
Capra aegagrus 

hircus 
70 0.509 

water buffalo Bubalus bubalis 102 0.595 

deer Cervus elaphus 108 0.630 

horse Equus ferus caballus 108 0.633 

 
aOI values are the average taken across the thickness of one sample (about 5-10 

points) except for sheep and cattle, where these are an average of 6-10 leather 

samples with 5-10 points for each. 

 

 

3.4 Discussion 
 

D-spacing. The D-spacing of collagen is known to vary with age (Scott et al., 1981) 

but it has not been linked with mechanical strength. A link with strength is also not 

found, therefore supporting the current understanding, although we find a large 

variation in D-spacing across a large range of strength (Figure 3.11). 
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Orientation and strength. Collagen orientation shows a strong correlation with 

tear strength when measured edge on and this relationship is represented in part 

by existing models. A relationship between fibre alignment and tensile strength 

has been modelled previously where strength is due to the sum of the components 

of the fibrils that lie in the direction of force in addition to a component due to the 

other matrix materials (Bigi et al., 1981). This relationship is represented by 

Equation. 5. 

 
2 /2 4

0 0
cos ( , ) (1 )z f f f mE E v F d d v E    (equation 5) 

 

Where Ez is the composite Young’s modulus of the material in direction z, Ef and Em 

are the Young’s moduli of the fibres and matrix, vf is the volume fraction of the 

fibres and F(θ,ϕ) is the angular distribution function where θ and ϕ are 

orthogonal. 

This model has been applied to just the measured fibrous collagen, neglecting the 

contribution from matrix materials, to give an orientation index which here this 

will be called OI´ to distinguish it from the differently formulated OI (Kronick and 

Sacks, 1991, Kronick and Buechler, 1986) (Equation 6). 

 

OI´ = 

2 /2 4

0 0
2 /2

0 0

cos ( , )

( , )

F d d

F d d
      (equation 6) 

 

OI, calculated here from the angle range representing half of the fibrils, can be 

converted to the integral of cos4θ by numerical methods (where a Gaussian form 

to the intensity distribution is assumed). The OI data plotted for the two 

orthogonal directions shown in Figure 3.13 can then be represented as OI´ where, 

if the model described above is applicable to this system, it should be proportional 

to the tensile strength. This results in a plot that also correlates with the tear 

strength data, however, the correlation is poorer than that obtained with the edge 

on OI measurements (Figure 3.14). The fit that includes all data is reasonable (n = 

8, r2 = 0.55. P = 0.06) and this fit improves if the horse data point is removed (n = 7, 
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r2 = 0.82. P = 0.02). It is not known why horse leather should be an outlier, and this 

may warrant further investigation. These compare unfavourably with the r2 of 

0.98 for just the OI data edge on. The reason that this three dimensional model is a 

poorer fit than that of the edge on OI data is considered below. 

 

Figure 3.14. Three dimensional modelled OI´ based on normalised integral of 

cos2θ cos2ϕ (Sizeland et al., 2013). 

 

Alignment and tear strength – a more complex relationship. Tear strength and 

tensile strength are related but not identical measures of strength and it is 

important to understand the difference between these two measures to be able to 

relate the model in Bigi (Bigi et al., 1981) to the tear strength. The basic 

assumption of the model outlined in reference (Bigi et al., 1981) is that the 

strength of collagen is along the axis of the fibrils themselves and that the total 

strength is the simple sum of these fibrils in the direction of tensile force. This is a 

good model for tensile strength, however, the more useful measure of strength for 

practical applications of leather is the tear strength, and this does not directly 

correlate with tensile strength. Tear strength is perhaps analogous to “toughness” 

in materials. It is possible for a material to be strong but not tough; for example 

brittle materials like ceramics are strong but not tough so both aspects need to be 

considered here. 

The ability of leather to resist tear also depends to some extent on the strength 

perpendicular to the fibril axis which depends on the strength of the cross links 
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(Chan et al., 2009) or the degree of entanglement, and that strength will be less 

than the strength of the collagen fibrils. However this appears to be of rather 

secondary importance compared with fibril alignment. The main component of 

tear strength for the work presented here is seen to be related to the planar 

alignment of collagen fibrils. Fibril alignment in the plane has a very strong 

correlation with tear strength. When the fibrils are not aligned in the plane but 

instead are perpendicular to the plane (Figure 3.15a) then any tearing force will 

need to just separate fibres, pulling in the weakest direction. This arrangement is 

known as vertical fibre defect and occurs sometimes in Hereford cattle (Kronick 

and Sacks, 1991, Amos, 1958). No samples of this type were included in this study.  

When the edge on measurements show the fibrils are rather anisotropic in 

alignment (Figure 3.15b), then the tear strength is likely to be greater than would 

be found in the vertical fibre defect structure because now there are fibrils 

running in the direction of the applied force. Maximum strength is obtained when 

there is a high degree of alignment in this plane (Figure 3.15c). This trend, 

depicted from Figure 3.15a to Figure 3.15c below, is what is observed for SAXS 

measurements over a factor of nearly five in strength (Figure 3.15b); this is a much 

larger range than has been reported by any other studies. 

 

 

Figure 3.15. The relationship between collagen orientation index (OI) and 

strength of skin. Edge on measurements with orientation indices that result in 

leather that is: a) very weak (vertical fibre defect); b) medium strength (low OI); c) 

strong (high OI). Arrow indicates direction of applied stress in tear measurements 

(Sizeland et al., 2013). 
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The reason tear strength does not directly relate to collagen alignment considered 

in three dimensions (as in Equations 5 and 6) is that tearing is associated with 

point stresses. To prevent tearing, these point stresses must be resisted. Tearing is 

used as the industry standard for leather strength because it relates more closely 

with actual in service performance than with tensile strength. When viewing the 

tearing process (Figure 3.9), looking flat onto the leather, the points where the 

tearing will occur are at the two ends of the linear cut hole. In order to resist 

tearing, the fibres that run at right angles to the two edges to the hole (viewed on 

the flat) resist this tearing (Figure 3.16a). However, if all the fibres run in this 

direction then strength may be low due to the failure along shear lines (Figure 

3.16b). Therefore, it might be expected that the optimum strength will be 

associated with a fibre arrangement somewhere between these two extremes, 

with skin that has a low OI measured in this direction (Figure 3.16c). Hence, this 

correlation is one where OI is inversely related to strength, which is what is 

weakly observed for these leathers (Figure 3.13a). 

 

 

Figure 3.16. The relationship between collagen orientation index (OI) and 

strength of skin. OI measured on the flat with orientation that results in leather 

that is a) weak (high OI); b) fairly weak (high OI); c) strong in all directions. Arrow 

indicates direction of applied stress in tear measurements (Sizeland et al., 2013). 

 

Therefore the existing model for strength, where strength depends on the degree 

of fibril orientation in the direction of stress considering the three dimensional 
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structure, does not provide an optimal description of the behaviour of these 

materials. It does not take into account the fact that, in practice, a tearing process 

will follow the weakest part of the structure. The consequence of this is that the 

direction of the tear front is not well defined and a degree of anisotropy when 

viewed flat on is preferable. The anisotropy, as viewed flat on, enhances the ability 

to resist point stresses.  

These simplified sketches illustrate the mechanism behind the structure–strength 

relationship that has been measured for the range of animal skins reported here. What is 

remarkable is the quantitative relationship between tear strength and edge on 

orientation. The strength range across which this relationship holds is much greater than 

has previously been demonstrated. The correlation also extends across a wide range of 

mammals.  

There is additional information contained in the SAXS patterns that has not yet been 

analysed such as the collagen bundle size which is contained in the low Q region of the 

pattern. This will be addressed in future work. The study will be extended to include a 

range of animals from other classes and to other tissue types. It is hoped that this work 

will build a more complete picture of the structural arrangement of collagen materials and 

will provide insight into the way in which nature constructs these materials for different 

applications to provide optimum function. It is hoped this will lead to an enhanced 

understanding of the basis of the hierarchical structure of skin and the reasons for the 

variations between skin from different positions on one animal, between skin of different 

species, animal classes, and different tissue types. This study has found a structural motif 

that is clearly of primary importance in mammals, but it has not yet demonstrated the 

generalization of this structural motif to other classes or other tissues.  

The work is also being extended to develop an understanding of the changes to the 

collagen fibrils that take place during the processing of leather. Processing can 

affect the collagen structure, including both the D-period and the fibril orientation. 

To understand leather as an industrial material it is desirable to understand the 

structural changes that take place as a result of chemical and physical treatments 

from skin to finished product. 
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3.5 Conclusions 
 

In summary, the structure of leather from different mammals has been 

investigated to attempt to develop a generalized understanding of structure–

strength relationships. It has been shown that tear strength of leather is correlated 

with collagen fibril orientation parallel to the surface of the leather over a large 

(factor of five) range of strength across seven species of mammals. This has been 

explained as being due to the strength of the collagen fibrils in their longitudinal 

axis when suitably arranged to resist the tearing process. This clear demonstration 

of the structural relationship and consequent insight enables research into other 

tissues to be better targeted by applying a greater focus to the collagen alignment 

in plane. It is expected that this highly correlated structure–strength relationship 

extends to tissues other than those studied here.  
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Chapter 4: Collagen D-spacing and the Effect of Fat Liquor 

Addition 
 

The physical properties of leather are partly a result of the structure of the 

leather’s network of type I collagen fibrils. To achieve high strength and a soft, 

supple feel, penetrating oils (usually polyols) are added to leather during 

manufacture, and this process is known as fat liquoring. How the collagen 

structure is modified by fat liquoring (with a lanolin-based fat liquor) is 

investigated here using synchrotron-based small angle X-ray scattering. The 

observations of structural changes taking place within collagen fibrils as a result of 

fat liquoring provides new insight into the nature of fat liquoring and informs 

future processing developments. 

 

Figure 4.1. Increase in collagen D-spacing when fat liquor is added. 

 

The following investigation has been published in the Journal of American Leather 

Chemists Association, Volume 110, Issue 3, pages 66-71, and can be found in 

Appendix 10.1. 
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4.1 Introduction 
 

Leather is a strong, flexible, complex biomaterial mainly consisting of fibrous type 

I collagen. Leather is used in a wide variety of manufacturing applications where 

the physical properties exhibited by the material are important for both strength 

and aesthetic reasons. The physical attributes of leather are largely dependent on 

the structure of collagen fibres and the interactions among them (Russell, 1988, 

Michel, 2004, Chan et al., 2009, Basil-Jones et al., 2011, Rabinovich, 2001). Because 

leather is processed animal skin, the collagen fibre structure of leather is derived 

from that of living skin and some other tissues. It is also similar to some collagen-

based medical scaffolds (Floden et al., 2010). Fibrous type I collagen accounts for 

most of leather’s complex architecture. 

A collagen fibril contains multiple levels of structure. For full details on the 

structure of collagen please refer to Chapter 2. For this investigation, the structure 

of collagen is of importance and a brief summary is as follows. The collagen 

molecule is characterized by the repeating amino acid sequence (Glycine-X-Y)n.  

Each polypeptide chain forms an alpha helix with a left handed twist, then three of 

these left handed helices twist together in a right hand manner to form a triple 

helix, or tropocollagen.  Hydrogen bonds between amino acid sidechains and 

collagen molecule mainchains along with hydrogen bonds that are mediated 

through water bridges are the main stabilizing force of the tropocollagen 

quaternary structure (Bella et al., 1995). Interchain water bridges are intrinsically 

linked to the hydroxyprolines in the sequence so that high hydroxyproline content 

will increase the stability of the triple helix (Engel et al., 1977). In fact, water can 

be regarded as forming a clathrate–like structure around each triple helix and it 

has a role in maintaining fibril assembly (Bella et al., 1995, Burjanadze, 1992, 

Rosenbloom et al., 1973). Collagen fibrils are assembled from multiples of five 

staggered tropocollagens. Gaps between the end of one tropocollagen and the start 

of the next result in regions with only 4/5 tropocollagen molecules present. This 

structure is responsible for the banding of collagen that is visible with atomic force 

microscopy or transmitting electron microscopy and is the origin of the Bragg 

diffraction peaks. This spacing is known as the D-spacing and can be measured. 
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Within each fibril, the tropocollagen molecules are held together by cross links 

between lysine and allolysine formed as a result of the action of an enzyme lysyl 

oxidase. The extensive, highly structured hydration shell around the collagen triple 

helices, along with water bridges between collagen fibrils, have been shown to be 

critical elements that maintain the macromolecular assemblies of collagen 

molecules (Bella et al., 1995, Naito et al., 1994, Bella et al., 1994). While the 

secondary structure remains stable if the water molecules become unavailable to 

support the hydrogen-bonding network, the mechanical properties of collagen are 

affected (Gautieri et al., 2011). Hydrophobic residues on the outside of the 

tropocollagen molecule have also been shown to play an important role in 

microfibrillar packing by both organizing water structure and through Van der 

Waals interactions(Usha and Ramasami, 1999). 

In terms of microstructure, leather comprises two distinct layers: the ‘grain’ and 

the ‘corium’. These two layers have significantly different structures (Russell, 

1988, Bavinton et al., 1987). Fibril orientation  and fibril diameter, particularly in 

the corium layer, have been shown to be an important factor in the strength of the 

material (Sizeland et al., 2013, Basil-Jones et al., 2011, Bavinton et al., 1987, Wells 

et al., 2013, Parry et al., 1978). During the process of making leather, synthetic 

cross links are introduced that stabilize the molecular structure of the skin and 

contribute to its physical properties (Folkhard et al., 1987a, Folkhard et al., 1987b, 

Cuq et al., 2000, Chan et al., 2009). For full details on the structure on leather 

please refer to Chapter 2. 

The D-spacing for stronger ovine and bovine leather has been shown to decrease 

at the interface between the corium and the grain (Basil-Jones et al., 2012). While 

changes in D-spacing have not been shown to correlate with strength in leather 

(Basil-Jones et al., 2011, Sizeland et al., 2013) and rat tail tendon (Gonzalez et al., 

2014), D-spacing does vary with tissue types (Fang et al., 2012), animal species 

(Sizeland et al., 2013), age (James et al., 1991b, Scott et al., 1981), and chemical 

treatment (Scott et al., 1981, Ripamonti et al., 1980). It is also possible to observe a 

change in D-spacing when leather is subjected to mechanical stress (Basil-Jones et 

al., 2012). 
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During the processing of skins and hides to leather, efforts are made to optimize 

the strength, flexibility and feel of leather. Adding penetrating oils, a process 

known as fat liquoring, improves leather’s texture and flexibility by lubricating the 

fibres and preventing adhesion between them (Bajza and Vreck, 2001). However, 

little is known about how the addition of fat liquor affects the structure of the 

collagen fibrils themselves. 

A study of the addition of fat liquor to leather was completed and possible 

mechanisms through which the penetrating oil changes the nanostructure of 

leather have been suggested. With this understanding, it may be possible to 

manipulate the processing to produce leather of higher strength and with better 

feel. 

 

 

4.2 Experimental Procedures 
 

Ovine pelts were obtained from 5-month-old, early season lambs of breeds with 

“black faces”, which may include Suffolk, South Suffolk, and Dorset Down. 

Conventional beamhouse and tanning processes were used to generate leather as 

detailed in chapter 3.2.1.  

Fat liquoring was carried out using Lipsol EHF (Schill + Seilacher). This product 

contains a mixture of lanolin, bisulfited fish oil, and 2-methyl-2,4-pentanediol. 

Lanolin, or wool wax, consists primarily of long chain waxy esters and some 

hydrolysis and oxidation products of these esters. The fat liquor was added at 0–

10% by weight of wet leather prior to drying and mechanical softening. One 

sample was prepared with just the principal component of the fat liquor, lanolin 

(Sigma), at a concentration of 8% by weight of wet leather.  

Samples for synchrotron-based small angle X-ray scattering (SAXS) analysis were 

prepared by cutting strips of leather 1 × 30 mm from the official sampling position 

(OSP) (Williams, 2000b) from pelts of leather processed with 0, 2, 4, 6, 8, and 10% 
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Lipsol EHF. Full experimental procedures concerning the sampling of leather can 

be found in Chapter 3.2.1. SAXS analysis of the samples was carried out according 

to the procedure detailed in Chapter 3.2.2 with measurements made every 0.25 

mm through the cross section from the grain to the corium.  

The D-spacing of collagen was determined for each spectrum from Bragg’s Law by 

taking the central position of several collagen peaks, dividing these by the peak 

order (usually from n = 5 to n =10) and averaging the resulting values. 

Fibril diameters were calculated from the SAXS data using the Irena software 

package (Ilavsky and Jemian, 2009) running within Igor Pro. The data was fitted at 

the wave vector Q, in the range of 0.01 – 0.04 Å-1 and at an azimuthal angle which 

was 90° to the long axis of most of the collagen fibrils. This angle was selected by 

determining the average orientation of the collagen fibrils from the azimuthal 

angle for the maximum intensity of the D-spacing diffraction peaks. The 

“cylinderAR” shape model with an arbitrary aspect ratio of 30 was used for all 

fitting. Individually optimizing this aspect ratio was not attempted and the 

unbranched length of collagen fibrils may in practice have a length that exceeds an 

aspect ratio of 30. 

 

 

4.3 Results 
 

The SAXS patterns obtained for the different levels of fat liquor clearly show 

diffraction rings due to the axial periodicity of collagen (Figure 4.2a). Orientation 

of the collagen fibrils can be seen as the varying intensity of each of these rings 

around the azimuthal angle and the alignment at right angles to this of the central 

scattering region. From the integrated intensity of the whole scattering pattern 

(Figure 4.2b) the position of the diffraction peaks can be measured and from these 

the D-spacing is determined. 
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Figure 4.2. Example of SAXS of leather: (a) raw SAXS pattern; (b) integrated 

intensity profile (Sizeland et al., 2015b). 

 

The addition of fat liquor resulted in an increase in D-spacing of the collagen from 

60.2 (σ = 0.47) nm for samples with no fat liquor to 63.6 (σ = 0.43) nm for samples 

with 10% fat liquor (Figure 4.3). This is an increase of 3.4 nm or 5.6%. The change 

in D-spacing of the corium and grain layers closely mimicked each other despite 

structural differences in these layers (Basil-Jones et al., 2010). A strong correlation 

between D-spacing and the percentage of fat liquor added was found, with a linear 

fitted slope of 0.34 nm/% and a r2 value of 0.93 (P = 0.0018 at an alpha of 0.05) 

(Figure 4.3).  

 

Figure 4.3. Collagen D-spacing versus fat liquor percentage for ovine leather:  

(●, ˗˗ ˗˗ ˗˗) corium, (▼, ) grain, and (○,       ) average. Each point for the corium 

and grain is taken from the average of about 10 scattering patterns. Pure lanolin at 

8% also shown ( ) (Sizeland et al., 2015b). 
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The one sample prepared with 8% lanolin rather than fat liquor had a D-spacing of 

63.1 (σ = 0.39) nm, which falls on the regression line in Figure 4.3. This suggests 

the change in D-spacing may be primarily due to the lanolin content of the fat 

liquor.   

An average fibril diameter of 56.8 (n = 106, σ = 1.3) nm was determined for the 

leather showing that there was no statistically significant change in the fibril 

diameter as a result of fat liquor addition.  

 

 

4.4 Discussion 
 

It was found that the change in collagen D-spacing is proportional to the amount of 

fat liquor added, with a large change being observed when the greatest amount of 

fat liquor was added. As pure lanolin had a similar effect, it is not unreasonable to 

assume that the lanolin component of the fat liquor is causing this change. This 

increase in D-spacing serves to increase the length (and therefore perhaps the 

volume) of the collagen fibrils in leather. The equivalent extension in D-spacing by 

tension applied to leather requires a stress of approximately 3.1 N/mm2 for strong 

ovine leather and 0.4 N/mm2 for weak ovine leather (Basil-Jones et al., 2012). 

Fat liquor is considered in the industry to assist in the mechanical properties of 

leather by “lubricating” the fibril structure, enabling the fibres to slide over one 

another. This work clearly shows that the fat liquor used in this experiment causes 

a change in the D-spacing, a fundamental property of fibril structure. 

Two possible mechanisms for the change in D-spacing are considered here. One 

proposition is that the D-spacing increase is caused by an increase in the twist of 

the tropocollagen helix which would result in a longer tropocollagen and therefore 

a longer D-spacing in the fibril. However, if an increase in tropocollagen occurred 

by this mechanism, a significant change in the fibril diameter would be expected. 
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The diameter was not observed to change and therefore this hypothesis is not 

supported.  

The other option considered is that the observed change is due to an increase in 

the length of the gaps between two tropocollagen molecules within the fibrils. 

Collagen fibrils form in a process that controls the registration between adjacent 

tropocollagen molecules, known as the D-spacing. Inspection of type I 

tropocollagen maps and interactomes shows that the two regions of the molecule 

important in fibrillogenesis (residues ~1016-1040, and 776-800) are rich in 

hydrophobic amino acids and prolines (Di Lullo et al., 2002, Sweeney et al., 2008, 

Helseth and Veis, 1981, Prockop and Fertala, 1998). Once the tropocollagens are in 

register, the fibril structure is stabilized by intermolecular hydrogen bonds, often 

mediated by water, and covalent cross links at the N and C termini of the molecule.  

An increase in the D-spacing is indicative of an increase in the axial distance 

between fibrils and could result in an overall lengthening of the fibril. It could also 

change the interactions between tropocollagens, whether the interactions are 

covalent or non-covalent and whether they are mediated through bridging 

molecules such as water.  The fact that it is a direct result of fat liquoring implies 

that the covalent cross links formed between tropocollagen molecules in the 

mature fibril, are either nonexistent, are broken during processing of the skin, or 

that they are flexible enough to allow movement of the tropocollagens relative to 

one another within the fibril.  

Axial periodicity in collagen I is thought to be stabilized by inter-tropocollagen 

hydrophobic and ᴫ-CH2 interactions between the C-terminal region of one 

tropocollagen and a specific region of a second tropocollagen, driven by the 

entropic gain from the release of ordered water molecules (Kar et al., 2009). 

Lanolin is a long chain hydrocarbon ester, made up from a long chain aliphatic 

lanolin alcohol and fatty acid. Its hydrophobic structure will therefore be relatively 

rigid allowing it to insert into the hydrophobic regions at the ends of the gap 

regions between tropocollagen molecules. The relative non-specific nature of 

hydrophobic interactions is tolerant of movement, and the lanolin will act like 
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lubricant allowing the tropocollagens to move relative to one another, altering the 

D-spacing.  

It is outside of the scope of this work to elucidate the molecular details of this 

arrangement. While atomic force microscopy could be used to compare the ratio of 

the gap and overlap regions among leathers with different levels of fat liquor, 

obtaining statistically robust sample data could be problematic. It has been shown 

that there is a range of D-spacing values in any one sample, with different fibril 

bundles within one piece of tissue having different average D-spacings (Fang et al., 

2012). SAXS measurements sample a volume of 80 × 150 × 1000 μm, which might 

be expected to contain around 3 × 1010 collagen D-spacing units (assuming 

collagen occupies around 50% of the volume). AFM, however, scans only small 

areas of a sample at one time, making it difficult to get a representative average D-

spacing. Nevertheless, this would be a worthwhile follow-up analysis and could 

reveal one mechanism by which fat liquor achieves fibril elongation. 

 

 

4.5 Conclusions 
 

In summary, the structural changes of collagen within leather upon addition of 

varying amounts of fat liquor have been investigated. It has been shown that as the 

amount of fat liquor is increased, the D-spacing of the collagen fibrils increased, 

and that this appears to be due to the lanolin component of the fat liquor. 

Alternative mechanisms for this increase in D-spacing have been discussed, 

including an increase in the gap region or an increase in the length of the 

tropocollagen triple helix. It has been shown that fat liquor does more than 

lubricate fibres in leather in that it alters the structure of collagen fibrils. The 

observations of structural changes taking place within collagen fibrils as a result of 

fat liquoring provides new insight into the nature of fat liquoring and informs 

future processing developments. 
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While the focus of this work has been the improved properties of leather, due to 

the application of lanolin, the changes observed in collagen structure may also 

occur in raw skin. Mixtures of oils and other chemicals have long been applied to 

human skin to enhance its appearance and are known as moisturizers.  It may be 

that some of the components of moisturizers increase the D-spacing of collagen in 

skin, expanding the collagen structure and reducing wrinkles. The effect of a range 

of other organic additives on collagen structure are currently being investigated as 

well as the effects of fat liquoring on the nanostructural response of leather when 

under strain. 
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Chapter 5: Changes to Collagen Structure During the 

Processing of Skin to Leather 
 

As hides and skins are processed to produce leather, chemical and physical 

changes take place that affect the strength and other physical properties of the 

material. The structural basis of these changes at the level of the collagen fibrils is 

not fully understood and formed the basis of this investigation. Synchrotron-based 

small-angle X-ray scattering (SAXS) was used to quantify fibril orientation and D-

spacing through eight stages of processing from fresh green ovine skins to staked 

dry crust leather. Both the D-spacing and fibril orientation changed with 

processing. The thickness of the leather changed during processing which had an 

impact on the fibril orientation index (OI); this accounted for much of the OI 

difference between process stages. After the thickness of the leather was 

accounted for, the main difference in OI was found to be due to the hydration state 

of the material with dry materials being less oriented than wet (Figure 5.1). 

Similarly significant differences in D-spacing were found at different process 

stages. These were due also to the moisture content, with dry samples having a 

smaller D-spacing (Figure 5.1). This understanding is useful for relating structural 

changes that occur during different stages of processing to the development of the 

final physical characteristics of leather. 

 

Figure 5.1. D-spacing of collagen fibrils and orientation of collagen fibres: (a) dry 

materials have a smaller D-spacing and a lower OI; (b) wet materials have a larger 

D-spacing and a higher OI. 
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The following investigation has been published in the Journal of Agricultural and 

Food Chemistry, Volume 63, Issue 9, pages 2499-2505, and can be found in 

Appendix 10.1. 

 

 

5.1 Introduction 
 

The leather making process is a way of preserving skins to stop decomposition and 

to provide a strong and flexible material. For a detailed explanation of the leather 

making process please refer to Chapter 2. The process consists of a series of 

chemical treatments and some mechanical processes. Each of the chemical 

treatments alters the composition of the original skin, for example, extracting 

components from the native skin or adding components such as cross linking 

agents. In addition to changes in the chemistry of the collagen, which are well 

known, it is possible that each of these processes may have an effect on the 

collagen structure as well, although little information has been presented on this 

to date.  

For this investigation the leather making process was broken down to consist of 

eight main stages, which are referred to by a variety of names in the industry, but 

here they have been designated as fresh green, salted, pickled, pretanned, wet 

blue, retanned, dry crust, and dry crust staked. The “fresh green” is the skin after 

removal from the carcass. Skins are normally salted as a way of temporarily 

preserving the skin before tanning. The salt acts to slow down bacterial growth by 

reducing water activity. Salting causes some dehydration of the skins. The “salted” 

sample is the skin after salting for preservation. The next stage of the leather 

making process is the removal of the salt by soaking and washing the skins (where 

the skin becomes rehydrated) followed by an alkali treatment carried out in the 

presence of sodium sulfide (‘liming’) combined with suitable enzymes (‘bating’) 

which together break down and remove some of the non-fibrous proteins, 

glycosaminoglycans and other undesirable components. It is also said to ‘open up’ 
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the structure of the leather to enable better penetration of tanning chemicals in 

subsequent stages. After the alkaline treatment stage the skin is typically adjusted 

back to a lower pH and is acidified in sulfuric acid and sodium chloride. After this 

stage the skin is referred to here as “pickled”. A synthetic, organic cross linking 

agent and surfactant are often added at this point which may assist with the 

subsequent chrome tanning stage. Stabilising agents are often added to the pickle 

to raise the denaturation temperature of the collagen and thus enable skin fat to be 

removed more efficiently at higher temperatures. The skins at this stage have been 

called “pretanned”. After the natural skin fats are removed, the pretanned pelts are 

tanned using chromium sulfate. The skin after chromium tanning is called “wet 

blue”. Chrome tanned leather tends to be too rigid for most applications so there is 

normally a second tanning stage using natural vegetable tannins or synthetic 

tannins to make the final leather feel softer and ‘fuller’. After this second tanning 

stage the skin is called “retanned”. At this stage dyes, fat liquors, and modified fats 

or oils are added to complete the look and feel of the leather. After this ‘fat 

liquoring’, the leather is dried and is called “dry crust”. The leather is then 

mechanically softened or ‘staked’ and is referred to here as “dry crust staked”. 

Previously it has been shown that small angle X–ray scattering (SAXS) can provide 

detailed structural information on the amount of fibrous collagen, the microfibril 

orientation, the D-spacing and the collagen fibril diameter in leather (Basil-Jones 

et al., 2010, Sturrock et al., 2004, Kronick and Buechler, 1986) and other tissues 

(Sasaki and Odajima, 1996b, Liao et al., 2005).  

The chemical treatments used to produce leather from skin and hide may result in 

changes to the structure of the collagen fibrils and the arrangement of these fibrils. 

These chemical processes include strong salt solutions, large changes in pH, 

enzymatic treatments to remove cross links, and new cross links being formed. An 

overview of tanning chemistry has been presented (Covington, 1997). Some 

aspects of chemical treatments of skins and their effect on structure have been 

observed previously with liming of skins (increasing the pH with calcium 

hydroxide) showing a decrease in the D-spacing of collagen (Maxwell et al., 2006). 

Pickling and retanning agents have been shown to swell collagen fibres at low pH 

(Bulo et al., 2007). At low ionic strength and non-isoelectric pH charge dependent 
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interactions (screening and selective ion adsorption) are prevalent in maintaining 

the collagen architecture (Ciferri, 2008) which is also reflected in the greater 

thermal stability of collagen at low pH (Zanaboni et al., 2000) and in the elastic 

response of collagen (Grant et al., 2009). 

In this investigation, SAXS was used to investigate the changes that take place in 

the microstructure of leather through the different stages of processing from skin 

to leather. 

 

 

5.2 Experimental Procedures 
 

For this investigation an ovine pelt was obtained from a 5-month-old, early season 

New Zealand Romney cross lamb. Samples were removed from the same skin 

during several stages of processing. These stages were termed fresh green, salted, 

pickled, pretanned, wet blue, retanned, dry crust, and dry crust staked. Cross-

sections were cut parallel to the backbone and as close together as possible. The 

samples, except for dry crust and dry crust staked, all had high moisture contents 

because they were taken during processing. 

Conventional beamhouse and tanning processes were used to generate the leather 

as detailed in Chapter 3.2.1 using oxazolidine as the pretanning agent and chrome 

as the tanning agent.  

Tear strengths of the leathers were tested using standard methods (Williams, 

2000a). Samples (strips 1 x 50 mm) were tested on an Instron 4467. For details on 

tear strength testing please refer back to Chapter 3.  

Diffraction patterns were recorded on the Australian Synchrotron SAXS/WAXS 

beamline utilizing a high-intensity undulator source according to Chapter 3.2.2. All 

diffraction patterns were recorded with an X-ray energy of 11 keV. The partially 

processed leather samples were sandwiched between kapton tape before being 

mounted for X-ray analysis to prevent drying.  
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SAXS analysis performed whilst stretching a sample was completed as follows. A 

stretching apparatus was custom built to enable investigation into collagenous 

materials under tension (Figure 5.2) (Basil-Jones et al., 2012). A linear motor, 

Linmot PS01, 48 × 240/30 × 180-C (NTI AG, Switzerland), was mounted onto a 

purpose-built frame with a custom-made clamp fitted to the end of the slider. The 

clamp was designed not to put a sharp point load on the leather. A L6D aluminium 

alloy OIML single-point loadcell (Hangzhou Wanto Precision Technology Co., 

Zhejiang, China) that holds the other end of the sample was attached to a second 

clamp that was attached to the frame. The slider can be controlled remotely from 

outside the SAXS beamline hutch. It also enables the sample to be stretched in 

increments specified by the user as the slider moves the set distance and stops 

once done. 

 

Figure 5.2. Schematic of custom built stretching apparatus (Basil-Jones et al., 

2012). 

 

Stretching samples were cut from the official sampling position (OSP) with 

approximate dimensions of 1 mm by 30 mm. The sample was cut parallel to the 

backbone. Each leather sample was mounted horizontally between the clamps 

without tension and then moved into the X-ray beam (Figure 5.3). The sample was 

straightened out in 1 mm increments until a force was registered by the loadcell. 
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The slider was then moved back 1 mm so that the sample was not under tension 

for the initial analysis and diffraction patterns were recorded. Measurements were 

made edge on through the full thickness of the leather with measurements made 

every 0.25 mm and the samples analysed from the grain to the corium. The sample 

was then stretched by 1 mm and was maintained at this extension for 1 minute to 

stabilise before SAXS diffraction patterns, the extension length, and the force 

information were recorded. This process of stretching the sample by another 1 

mm, stabilising, and then recording data was repeated until the sample failed. 

 

 

 
Figure 5.3. Leather sample held by the stretching machine and mounted in the 

beamline. 

 

Diffraction patterns as shown in Figure 5.4a were obtained for each point 

analysed. These patterns can be integrated to produce intensity plots that display 

Bragg peaks (Figure 5.4b). 
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Figure 5.4. (a) SAXS diffraction pattern; (b) plot of intensity versus q. 

 

Orientation index (OI) is defined as (90° – OA)/90° where OA is the azimuthal 

angle range that contains 50% of the microfibrils centered at 180°. OI is used to 

give a measure of the spread of microfibril orientation (an OI of 1 indicates the 

microfibrils are completely parallel to each other; an OI of 0 indicates the 

microfibrils are completely randomly oriented). The OI is calculated from the 

spread in azimuthal angle of the most intense D-spacing peak (at around 0.059–

0.060 Å–1) (Basil-Jones et al., 2011). 

The D-spacing was determined from Bragg’s Law by taking the centre of a 

Gaussian curve fitted to the 6th order diffraction peak of an integrated intensity 

plot for each spectrum.  

 

 

(a) 
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5.3 Results 
 

 
Figure 5.5. Variation in orientation index for all stages of processing: (▲, ─ ─ ─ ─) 

corium, (■, ·········) grain, (●,            ) average (Sizeland et al., 2015a). 

 

Orientation index changes. The OI of the corium region is higher than that of the 

grain region throughout all the processing stages (Figure 5.5). While there is 

considerable variation in the OI during processing, the OI of the final staked dry 

crust leather is fairly similar to that of the fresh green skin so that overall there is 

not a large change in OI.  
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Figure 5.6. Fibril orientation index versus thickness (Sizeland et al., 2015a).  

 

Orientation index and thickness. The thickness of the skin or leather varies by 

more than a factor of two during processing. With this variation of thickness there 

is a change in OI (Figure 5.6). The stages appear to be in two groups with the dry 

samples (salted, pretanned, dry crust, and dry crust staked) in one group of lower 

OI which decreases with increasing thickness, and the wet samples (pickled, wet 

blue, retanned, and fresh green) in another group of higher OI that decreases with 

increasing thickness.  
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Figure 5.7. Variation in D-spacing and pH between different stages of processing 

prior to stretching: (∆, ─ ─ ─ ─) corium, (□, ·········) grain, (●,           ) pH (Sizeland et 

al., 2015a). 

 

Figure 5.8. Variation of D-spacing with pH (wet blue and retanned points are 

coincident) (Sizeland et al., 2015a). 
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D-spacing with processing and pH. Significant changes in the D-spacing of the 

collagen fibrils with the application of each process step were observed (Figure 

5.8). Both the corium and the grain regions of the leather have similar D-spacing 

and are similarly affected by the processing. The most significant change in D-

spacing occurs with pretanning when there is a contraction of the D-spacing of 1.4-

1.5 nm (2%). The pH of the solutions in which each process takes place does not 

appear to correlate with the D-spacing (Figure 5.8). For fresh green and salted 

skins the pH was measured by a surface probe rather than the process liquor as 

used in the later stages. Although there is not a correlation of D-spacing with pH, it 

appears that there is a relationship between D-spacing and the moisture content 

as three of the dry samples have a lower D-spacing than the wet samples.  

 

Figure 5.9. Correlation of OI with pH (Sizeland et al., 2015a). 

 

OI and pH. The OI appears to be correlated with pH (Figure 5.9) (Linear 

regression: r2 = 0.335, t = -1.74, P = 0.133). However, as discussed later in the 

chapter it is believed this correlation is not a causal relationship. 
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Figure 5.10. D-spacing versus OI for samples of different stages of processing 

when held without tension (Sizeland et al., 2015a). 

 

D-spacing and OI. A correlation is observed between OI and D-spacing (Figure 

5.10). The correlation is statistically significant (Linear regression: r2 = 0.485, t = 

2.4, P = 0.055). However, as is discussed later in the chapter it is believed this 

correlation is not a causal relationship. 

 

Figure 5.11. Stress strain curves for each process stage, performed in situ 

concurrently with the SAXS measurement (not normalized for sample width or 

thickness): (●,                ) Fresh green, (●, ·······) salted, (▼, ─ ─ ─ ─) pickled, (▲,  ─ 

·· ─ ·· ─) pretanned, (■,― ― ) wet blue, (■, ─ · ─ · ─) retanned, (♦,― ― ―) dry crust, 

(♦,            ) dry crust staked (Sizeland et al., 2015a). 
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Stress-strain. Stress-strain curves were measured in situ at the synchrotron 

during SAXS data collection (Figure 5.11). The samples were not of a uniform 

width so an absolute comparison of the modulus of elasticity from these curves is 

not possible. However, it is possible in a very general way to compare the shapes 

of the curves. Most of the samples show a toe region, with an initial lower elastic 

modulus, followed by a linear region.  

 

Figure 5.12. Changes in collagen D-spacing as samples of partially processed skin 

are stretched: (●,              ) Fresh green, (●, ·······) salted, (▼, ─ ─ ─ ─) pickled, (▲,  

─ ·· ─ ·· ─) pretanned, (■,― ― ) wet blue, (■, ─ · ─ · ─) retanned, (♦,― ― ―) dry 

crust, (♦,              ) dry crust staked (Sizeland et al., 2015a). 
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Figure 5.13. Changes in collagen fibril OI as samples of partially processed skin 

are stretched: (●,                ) Fresh green, (●, ·······) salted, (▼, ─ ─ ─ ─) pickled, (▲,  

─ ·· ─ ·· ─) pretanned, (■,― ― ) wet blue, (■, ─ · ─ · ─) retanned, (♦,― ― ―) dry 

crust, (♦,               ) dry crust staked (Sizeland et al., 2015a). 

 

OI and D-spacing with mechanical stretching. There is an increase in D-spacing 

as the skin or leather samples are stretched (Figure 5.12). This increase in D-

spacing is a measure of the stress being transferred to the individual fibrils causing 

their length to increase. We also find an increase in OI upon stretching (Figure 

5.13) as the collagen fibrils realign in the direction of the applied force (values for 

the D-spacing and OI changes are tabulated in Tables 5.1 and 5.2). At every stage of 

the leather making process, a strain applied to the samples resulted in an increase 

in OI.  
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Table 5.1. D-spacing changes in processing stages of leather with strain. 

Processing 

Stage 
Strain 

Initial 

D-spacing 

Maximum 

D-spacing 

(nm) 

Change in 

D-spacing 

(nm) 

Change in 

D-spacing 

(%) 

Change in 

D-spacing % 

/ strain (%) 

Fresh Green 0.36 64.90 65.44 0.54 0.83 2.28 

Salted 0.13 65.30 66.07 0.77 1.17 9.01 

Pickled 0.13 65.55 65.70 0.14 0.21 1.69 

Pretanned 0.59 64.10 65.66 1.56 2.38 4.00 

Wet Blue 0.20 64.58 65.12 0.54 0.82 4.12 

Retanned 0.11 64.58 65.08 0.50 0.77 6.84 

Dry Crust 0.66 64.39 64.96 0.57 0.88 1.32 

Dry Crust 

Staked 
0.42 64.35 64.85 0.50 0.78 1.86 

 

Table 5.2. OI changes in processing stages of leather with strain OI. 

Processing 

Stage 
Strain 

Initial 

OI* 
Final OI 

Initial 

TCOI** 

Final 

TCOI 

Change in 

OI 

Change 

in TCOI 

Fresh Green 0.36 0.58 0.78 0.23 0.57 0.20 0.33 

Salted 0.13 0.74 0.78 0.50 0.57 0.04 0.07 

Pickled 0.13 0.71 0.72 0.45 0.46 0.01 0.01 

Pretanned 0.59 0.58 0.91 0.24 0.83 0.33 0.59 

Wet Blue 0.20 0.66 0.74 0.37 0.49 0.07 0.12 

Retanned 0.11 0.60 0.62 0.26 0.30 0.02 0.04 

Dry Crust 0.66 0.47 0.59 0.07 0.25 0.13 0.18 

Dry Crust 

Staked 
0.42 0.48 0.64 0.10 0.32 0.15 0.22 

* Orientation Index (OI) 

** Thickness Corrected Orientation Index (TCOI) 



 

103 
 

5.4 Discussion 
 

The changes to the structure and arrangement of collagen fibrils in skin during 

several stages of the chemical processing to form leather have been measured.  

These build up a picture of what happens in the process of transforming skin to 

leather.  

 

Figure 5.14. Illustration of the change in collagen fibril angle θ to the plane of 

leather as the thickness T of the leather changes (Sizeland et al., 2015a). 

 

Model of OI change with thickness. During processing of skins to leather the 

thickness of the material changes substantially, sometimes becoming thicker and 

at other times becoming thinner. A difference between the thinnest and the 

thickest stage of a factor of 2.25 was observed. If the collagen fibrils are not lying 

flat then as the thickness of the leather increases the angle of these fibrils to the 

plane of leather will increase (Figure 5.14). This will cause a change in OI. 

Therefore a model for the change in OI with thickness changes has been 

developed. This enables us to determine how much of the OI change is due just to 

the change in thickness and how much is due to other factors. 

The range of fibre angles in a sample is given by the orientation index OI which is 

derived from the orientation angle, OA (Basil-Jones et al., 2010). OA is defined as 

the subtended angle that contains half the fibrils, i.e. it satisfies equation 1. 
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    (equation 1) 

Where N is the number of fibrils, and θ is the fibre angle (relative to the plane of 

the leather). In practice this is determined from the SAXS diffraction pattern by the 

integrated intensity verses azimuthal angle for one of the D-spacing diffraction 

peaks, equation 2: 
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    (equation 2) 

 

where I is diffraction intensity of a selected D-spacing diffraction peak above a 

fitted background and φ is the azimuthal angle of the diffracted X-rays. 

OI is derived from OA by equation 3. 

1 OAOI
OA

     (equation 3) 

 

Therefore, for perfect alignment in the reference direction, which is normally in 

the plane of a piece of leather or skin, OI = 1, for no alignment or completely 

isotropic fibrils OI = 0, and for perfect alignment at right angles to the reference 

direction OI= –1. 

If a sample of leather containing a fibre expands in thickness uniformly, and the 

fibre is at an angle θ1 from the base (Figure 5.14), then the new angle of the fibre, 

θ2, depends on the change in thickness by equation 4.  



 

105 
 

2 2

1 1

tan
tan

T
T      (equation 4) 

 

Where T1 is the original thickness, and T2 is the new thickness. 

Rearranging equation 4 for θ2 gives the new angle of the fibre after the leather has 

increased in thickness: 

1 2
2 1

1

tan tanT
T

    (equation 5) 

 

A transformed OA after stretching can then be calculated. The OA defines the 

subtended angle of 50% of the fibres. Therefore fibres which have an initial angle 

from the reference angle of greater than half the OA will, after transformation, still 

have an angle greater than the transformed OA; fibres which have an initial angle 

lower than half the OA will, after transformation, still have an angle lower than half 

the transformed OA. In other words the 50% inside the OA will remain inside the 

OA, the 50% outside the OA will remain outside the OA. Therefore, it is only 

necessary to calculate the transformation by equation 5 of the angle that is the OA 

to calculate the new OA that represents the new fibre distribution. 

As an illustration of the extent of this change, for thickness changes similar to 

those observed here, some values are plotted in Table X below. Note that 

expanding the thickness sufficiently results in an alignment of fibres vertically 

(negative OI). 
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Table 5.3. Calculated change in orientation index of collagen fibrils for different 

thicknesses of material. 

Starting OI New OI when 

T2/T1 = 1.5 

New OI when 

T2/T1 = 2.0 

New OI when 

T2/T1 = 2.5 

0.00 -0.25 -0.41 -0.52 

0.10 -0.16 -0.33 -0.44 

0.20 -0.05 -0.23 -0.36 

0.30 0.05 -0.13 -0.26 

0.40 0.17 -0.01 -0.15 

0.50 0.29 0.12 -0.02 

0.60 0.42 0.27 0.13 

0.70 0.56 0.43 0.31 

0.80 0.70 0.61 0.52 

0.9 0.85 0.80 0.75 

1 1.00 1.00 1.00 

 

It was also considered how the OI might be affected by the area change to the 

leather, with wet stages generally of larger area than dry stages. This expansion of 

area would influence the OI in the opposite sense to the thickness change. 

However the area change of the skin is small, less than 5%, and can be neglected 

compared with the more than 100% change in the thickness. 

With the thickness taken into account the OI now reflects any underlying 

structural changes that take place during the chemical and mechanical processing 

of skin through to leather. Therefore the OI for each sample was recalculated using 

the thinnest sample, the salted skin, as the reference and present the adjusted 

results in the following analysis. 
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Figure 5.15. Fibril orientation index versus thickness: (▲) measured OI, (■) 

calculated OI adjusted for thickness changes (relative to salted) (Sizeland et al., 

2015a). 

 

OI and water. Once the effect of thickness on the OI is removed it can be seen that 

the samples fall into two groups (Figure 5.15). There are the fresh green, pickled, 

wet blue, and retanned materials. These all have a high OI (corrected for thickness 

relative to salted) of around 0.8. These samples are all wet. The pretanned, dry 

crust, and dry crust staked all have a corrected OI of around 0.67. These samples 

are all dry. The salted skin also has a low OI, of 0.62, and it is also a dry sample. 

Therefore the factor that separates the high OI from the low OI materials is the 

wetness of the samples. When these collagen materials are dried, the OI decreases. 

While it might be tempting to ascribe this to a crimping of the collagen fibrils as 

they dry, which would result in a lower OI, crimping in skin was not observed 

(unlike in tendon or pericardium (Sizeland et al., 2014) for example). Therefore, 

although by removing the thickness effect, it has been possible to identify that 

there is a fundamental change between wet and dry stages but the mechanism of 

this change has not been determined. It is suggested that a possible mechanism 

could be the space filling that results from hydration which causes a hindrance to 
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the movement of fibrils and leads to a higher OI at higher moisture contents. At 

lower moisture contents there is more space available for fibres to bend and adjust 

themselves into positions resulting in lower OI. 

 

 

Figure 5.16. D-spacing versus thickness corrected OI for samples of different 

stages of processing when held without tension. 

 

D-spacing and OI. Once the OI is corrected for thickness effects there is no longer 

a statistically significant correlation between D-spacing and OI (Figure 5.16) 

(Linear regression: r2 = 0.109, t = 0.855, P = 0.426). It is known that the result of 

straining leather is a straightening or alignment of the fibrils (an increase in OI) 

and that D-spacing measures the stress applied to individual fibrils (Basil-Jones et 

al., 2012). A correlation between OI and D-spacing during different stages of 

processing would have suggested that these were both due to changes in internal 

strain in leather: when strain is released D-spacing decreases and OI decreases. 

However, this was not observed here. 

D-spacing and water. It was found that the D-spacing is lower in the dry samples 

by 0.38 nm; wet samples, which include fresh green, pickled, wet blue, and 

retanned, have an average D-spacing of 64.90 (σ = 0.46) nm while dry samples, 

which include salted, pretanned, dry crust, and dry crust staked, have an average 
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D-spacing of 64.52 (σ = 0.53) nm. Back in the 1940s Bear used X-ray diffraction 

techniques to show that the hydration state of a sample changes its D-spacing with 

dry samples at 64 nm and wet samples at 67 nm (Bear, 1944). Since then it has 

been shown by X-ray diffraction and by atomic force microscopy that the D-

spacing is moisture dependent with a reduction in D-spacing on drying (Wess et 

al., 1998, Kemp et al., 2012, Brodsky et al., 1980, Price et al., 1997). The D-spacing 

depends on the state of hydration of the fibril and decreases from 67nm for a 

hydrated fibril, to around 64 nm in air-dried samples (Baer et al., 1988; Bella et al., 

1995; Wess and Orgel, 2000). This is believed to be due to the collapse of the gap 

and overlap regions, and the partial shearing of unit cell contents within the gap 

region upon loss of water (Wess et al., 1998). 

D-spacing and pH. It is perhaps a little surprising that D-spacing is not affected by 

pH. The D-period is affected by both the length of the tropocollagen units, and by 

the way these tropocollagen units are assembled into the collagen fibril. The length 

of these structures is partially determined by the length of the hydrogen bonds 

between collagen molecules within the tropocollagens and by hydrophobic 

interactions between tropocollagen units. pH can affect hydrogen bonding which, 

in collagen and other proteins, relies on a polar interaction between specific 

functional groups on amino acids (Ciferri, 2008, Zanaboni et al., 2000).  

Mechanisms for fibril elongation by chemical treatments have previously been 

discussed (Sizeland et al., 2015a, Sizeland et al., 2014) and it appears that pH does 

not have an impact here. 

 

Figure 5.17. Variation of thickness corrected OI with pH. 
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OI and pH. Once the OI is corrected for thickness it is apparent that there is no 

correlation between OI and pH (Figure 5.17) (linear regression: regression 

coefficient = -0.0215, r2 = 0.488, P = 0.22). These instead fall into two groups: low 

OI for dry samples and high OI for wet samples, irrespective of the pH conditions.  

Response to strain. It was found that when strain was applied to the samples 

both the OI and D-spacing increased. It has previously been shown that upon 

stretching of leather collagen fibrils first realign and then lengthen (an increase in 

the OI followed by an increase in the D-spacing) (Basil-Jones et al., 2012) and that 

collagen fibrils are very resilient with a high Poisson’s ratio (Wells et al., 2014). In 

pretanned, dry crust, and dry crust staked samples, the OI increased first after the 

first few increments in strain then the D-spacing increased with the further strain. 

These samples form a cluster at an OI of approximately 0.67 following thickness 

correction. The D-spacing of the wet samples (fresh green, pickled, wet blue, and 

retanned) increased with the first application of strain. These wet samples form a 

cluster with an OI of about 0.80.  Because the dry group has a lower initial OI than 

the wet samples the fibrils had more realignment potential and therefore a greater 

change in OI is seen for the dry samples rather than the wet samples which do not 

have as much opportunity for the fibrils to realign with the direction of the force. 

Therefore in the wet samples the strain was taken on by the individual collagen 

fibrils sooner, as shown by the immediate increase in D-spacing. 

Cross linking. In the process of treating skin to produce leather, naturally present 

cross links are removed and new cross links are formed. The natural 

glycosaminoglycan cross links are removed in the liming and bating stages so that 

the processed skin, known as pickled, should be largely devoid of cross links. New 

cross links are added at the pretanned and wet blue stages. While there have been 

studies on the effects of cross linking on fibril alignment, there have been mixed 

conclusions drawn about the influence of cross linking. It has been suggested that 

cross links may stabilize a network structure (with less aligned fibrils) (Deb 

Choudhury et al., 2007b, Kayed et al., 2015) and that removal of cross links may 

destabilize the network structure leading to fibrils becoming more aligned (Kayed 

et al., 2015). However such behavior was not observed here during processing, 

where much of the cross linking would be expected to be removed by the end of 
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the pickled stage and then cross links are added by the completion of the wet blue 

stage. 

 

 

5.5 Conclusions 
 

Both the D-spacing and fibril orientation changed with processing. It was noted 

that the thickness of the leather changed during processing which had an impact 

on the fibril orientation index (OI); this accounted for much of the OI difference 

between process stages. After recalculation of the OI taking the thickness of the 

leather into account, the main difference was found to be due to the hydration 

state of the material with dry materials having a lower OI and wet materials 

having a higher OI. This shows the change is not a fundamental redistribution of 

fibrils, but rather due to thickness changes and hydration. Variances were also 

found in the D-spacing values of the different process stages. These differences 

were also due to the moisture content, with dry samples having a smaller D-

spacing. This understanding may be useful for relating structural changes that 

occur during different stages of processing to the development of the final physical 

characteristics of leather.  
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Chapter 6: Modification of Collagen D-spacing in Skin by 

Model Compounds 
 

Oils and moisturisers are often added to skin in an attempt to create a smoother, 

more supple feel. Additives have been shown to modify the collagen fibrils of 

processed skin, extending the fibril length. If a similar process could take place in 

living skin it may improve the appearance and strength of skin. Synchrotron-based 

small angle X-ray scattering has been used to investigate the modification of the 

collagen structure by model compounds. These model compounds were chosen 

because of their opposite effects on protein solubility. Urea, which is an osmolyte, 

is often used to solubilise proteins and is commonly used in skin care products, 

while the amino acids proline and hydroxyproline are known to precipitate 

proteins. With the addition of urea, proline and hydroxyproline, the D-spacing of 

the collagen fibrils increased and the orientation index decreased. The increased 

D-spacing may be caused by a lengthening of either the direct hydrogen bonds or 

the water-mediated hydrogen bonds.  By understanding the mechanisms for 

modification of the structure of collagen by fat liquors and other additives valuable 

insights are gained that will lead to better comprehension of existing skin 

formulations and the development of new formulations based on more in-depth 

knowledge about the action of moisturisers and cosmetic products on living skin. 

 

 

6.1 Introduction 
 

Skin and the much desired smooth, wrinkle-free complexion of youthful skin is an 

important topic of study for cosmetic science. Collagen I is a major component of 

skin that contributes to its structure and appearance. In-situ modification of the 

structure of collagen may be a significant component of the action of skin care 

cosmetics. 
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Hydrating or lubricating liquids and gels are added to skin products to achieve a 

soft, supple feel in both the cosmetics industry and the leather industry. In the 

leather making process, animal skin is converted to a durable, strong, and flexible 

material. As leather is the product of processed animal skin, the collagen fibre 

structure of this complex biomaterial is similar to that of living skin, as well as 

pericardium and some other tissues. Like skin, Type I collagen accounts for most 

of the complex architecture of leather, as it does in skin, and it is this fibrous 

collagen network and the interactions occurring within it that can be held largely 

accountable for the physical attributes of leather (Russell, 1988, Michel, 2004, 

Rabinovich, 2001, Chan et al., 2009, Basil-Jones et al., 2011). 

Fat liquoring is part of the manufacturing process of leather, whereby penetrating 

oils are added to achieve the high strength and soft, supple feel of the finished 

product. These additives have been shown to modify the collagen fibrils and 

extend the fibril length (Sizeland et al., 2015b). The cosmetic industry is founded 

in part on the desire of many women (and men) to protect their skin and to avoid 

the natural signs of aging through the topical application of moisturisers that 

contain natural oils, fats and other compounds designed to penetrate the dermis. 

While there has been much research into urea, various peptides and a number of 

oils and fats (Oikawa et al., 2005, Olsen and Jemec, 1993, Pan et al., 2013, Rawlings 

and Lombard, 2012) and how they modify the structure of skin and influence skin 

mechanics, little is known of how they modify the main structural component of 

skin - the collagen molecules themselves. 

The collagen molecule consists of a repeating amino acid sequence, Gly (glycine)-

X-Y, which forms an alpha helical polypeptide chain with a left-hand twist. The X 

and Y positions are occupied by a high proportion of the amino acids proline and 

hydroxyproline respectively, with the most common triplet in collagen being Gly-

Pro-Hyp, which accounts for about 10% of the total sequence (Ramshaw et al., 

1998). Three of collagen molecules twist together in a right-hand manner to form 

a triple helix, or tropocollagen. Hydrogen bonds between side-chains stabilise the 

tropocollagen quaternary structure along with some covalent cross links. Larger 

collagen fibrils are assembled from up to five tropocollagens. A part of the fibril 

contains four tropocollagen molecules and a part contains five, due to staggering 
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of the tropocollagen molecules. This difference is responsible for the banding of 

collagen fibrils, visible with atomic force microscopy or transmission electron 

microscopy, and is known as the D-spacing, which can be measured. Within each 

fibril, the tropocollagen molecules are held together by cross links (see Reiser 

(Reiser et al., 1992) for a review on cross links) formed between lysine and 

allolysine as a result of the action of an enzyme lysyl oxidase (Csiszar, 2001).  The 

D-spacing varies with tissue types, animal species (Sizeland et al., 2013), age 

(James et al., 1991b), mechanical stress (Basil-Jones et al., 2012) and chemical 

treatment (Ripamonti et al., 1980). 

Within collagen networks, both the D-spacing and the arrangement of the fibrils 

may vary. One aspect that can be measured relating to the arrangement of the 

collagen is the orientation and spread in orientation of the fibrils. The relationship 

between the orientation of fibrils and the mechanical strength has been 

characterised (Fratzl and Weinkamer, 2007), and the correlation of strength with 

the orientation of collagen measured edge on (alignment in-plane) has been 

shown in bovine and ovine skin (Basil-Jones et al., 2011, Basil-Jones et al., 2012) 

and across a range of mammal species with a strength range of over a factor of five 

(Sizeland et al., 2013). There may also be a correlation between strength and fibril 

diameter (Parry et al., 1978, Wells et al., 2013). 

Critical elements in maintaining the stability of macromolecular assemblies of 

collagen are the extensive, highly structured hydration shell and hydrogen bond 

networks around the collagen triple helices in which hydrogen bonds involving 

water form bridges between collagen fibrils (Bella et al., 1995, Naito et al., 1994, 

Bella et al., 1994). Two sets of interchain hydrogen bonds, one direct and one 

water-mediated, have been detected for a collagen-like peptide (Kramer et al., 

1999). Both direct hydrogen bonds and water-mediated hydrogen bonds 

contribute to collagen stability. 

The addition of dissolved amino acids to a protein may affect hydrogen bonding, 

depending on the amino acid added. Urea, one of the molecules used in this 

investigation, is an effective denaturant. It has been shown to denature proteins by 

specifically binding to amide units using hydrogen bonds and by decreasing the 
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hydrophobic effect by displacing water (Zou et al., 1998). If hydrogen bonds are 

modified, the triple helices and consequently the collagen fibril structure will be 

directly impacted. 

It is standard practice to add fat liquors to skin during leather processing, 

however, the effect this has on the structure of collagen has only recently been 

investigated (Sizeland et al., 2015b). To better understand the influence of the 

penetrating oils on the molecular structure of collagen, the fibril orientation and 

axial periodicity of collagen fibrils have been quantified for samples processed 

with model compounds using synchrotron-based small angle X-ray scattering 

(SAXS). Three compounds were chosen: urea, known to solubilise proteins, and 

the amino acids proline and hydroxyproline, both known precipitators of proteins 

(Record et al., 2013). Here the addition of urea, proline, and hydroxyproline and 

how they affect the structure of collagen in ovine skin is investigated. In addition, 

comparisons are made with the effects with that of lanolin, a compound used in 

many commercial skin preparations, which has previously been seen to modify 

collagen (Sizeland et al., 2015b).  

 

 

6.2 Experimental Procedures 
 

Ovine skin from the leather industry was used as a model material to investigate 

collagen modification by urea (Sigma-Aldrich), hydroxyl-L-proline (Sigma-

Aldrich), L-proline (Sigma-Aldrich) and lanolin (Sigma-Aldrich). 

Ovine pelts were obtained from 5-month-old, early season, New Zealand Romney 

cross lambs. The leather was generated using conventional beamhouse and 

tanning processes as detailed in Chapter 3.2.1.  

In conventional beamhouse processing, fat liquors are added after chrome tanning 

to the wet blue pelts prior to fixing with 0.5% formic acid, washing, drying and 

mechanical softening. However, to make the samples for this study, the fat liquor 
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was replaced with urea, L-proline and hydroxyl-L-proline at concentrations of 4% 

and 7.2% by weight of wet leather. Two further samples were prepared: one with 

lanolin (Sigma) at a concentration of 8% by weight of wet leather and one with no 

additives at all. 

The samples for SAXS analysis were cut from the official sampling position (OSP) 

(Williams, 2000b) in strips 1 × 30 mm. Each sample was mounted without tension 

in the X-ray beam to obtain scattering patterns through the sample’s full thickness. 

Each data point presented here (D-spacing, OI) is the average of 11-17 diffraction 

patterns recorded every 0.25 mm through the cross-section from the grain to the 

corium except the sample with no additives, which is the average of 6 patterns. 

Diffraction patterns were recorded on the Australian Synchrotron SAXS/WAXS 

beamline as per the method described in Chapter 3.2.2. All diffraction patterns 

were recorded with an X-ray energy of 11 keV and data processing was carried out 

using the SAXS15ID software (Cookson et al., 2006). 

A measure of the spread in orientation of the microfibrils is given by the 

orientation index (OI), with an OI of 1 indicating the microfibrils are parallel to 

each other and an OI of 0 indicating the microfibrils are randomly oriented. OI is 

defined as (90° – OA)/90°, where OA is the minimum azimuthal angle range that 

contains 50% of the microfibrils. This measure is based on Sack’s method for light 

scattering (Sacks et al., 1997) but converted to an index (Basil-Jones et al., 2011) 

using the spread in azimuthal angle of one or more Bragg peaks. The peak used 

was typically the sixth order peak at approximately 0.055-0.059 Å–1 as it is one of 

the most intense D-spacing peaks. The peak area is measured, above a fitted 

baseline, at each azimuthal angle. 

Bragg’s Law was used to determine the D-spacing of collagen by taking the central 

position of a Gaussian curve fitted to the 6th order diffraction peak of an integrated 

intensity plot for each spectrum and dividing it by the peak order (for the 6th 

diffraction peak n = 6). 
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6.3 Results 
 

SAXS patterns were obtained for the samples processed with no additives, with the 

model compounds (hydroxyproline, proline and urea) and with lanolin. Diffraction 

rings that occur due to the axial periodicity displayed by collagen were clearly 

visible in every spectrum (Figure 6.1a). From the varying intensity around the 

azimuthal angle of the rings the orientation of the fibrils can be determined. The 

integrated intensity of the scattering pattern can be plotted (Figure 6.1b) and the 

D-spacing can be calculated using the central position of the diffraction peak 

divided by the peak order. 

 

      
Figure 6.1. Example of SAXS of collagen: (a) SAXS pattern; (b) integrated intensity 

profile. 

 

 

The addition of urea, proline and hydroxyproline all result in statistically 

significant increases in the D-spacing of collagen fibrils (Figure 6.2, for full 

statistics see Table 6.1). The D-spacing increased from 60.2 (σ = 0.42) nm for 

samples with no fat liquor or additives up to maximums of 63.4 (σ = 0.25, P < 

0.001, for α = 0.05) nm for urea. When 7.2% urea was added D-spacing increased 

by 3.2 nm or 5.3%. The D-spacing of leather with 8% lanolin was found to be 63.2 

(0.50) nm, an increase of 3.0 nm. 

(a) 
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Figure 6.2. Collagen D-spacing versus additive percentage for processed skin: (●) 

no additives, (▼) lanolin, (♦) hydroxyproline, (■) proline, and (▲) urea. Each 

point is the average value taken from 11–17 scattering patterns, except the 0% 

sample, which is the average of 6 patterns. 

 

The OI of the collagen fibrils decreased with the addition of the model compounds 

(Figure 6.3), with statistically significant decreases occurring with the addition of 

4% hydroxyproline, 7.2% hydroxyproline and 4% urea. The OI decreased from 

0.59 (σ = 0.05) for samples with no fat liquor or additives down to 0.44 (σ = 0.12, P 

= 0.0095 at an alpha of 0.05) for urea. The largest OI change occurred when 4% 

urea was added, with a decrease of 0.15 nm or 25.3%. The OI of the collagen fibrils 

in the leather made with 8% lanolin was 0.69 (σ = 0.06) which, in contrast to the 

other compounds, is an increase. 
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Figure 6.3. Collagen orientation index (OI) versus additive percentage for 

processed skin: (●) no additives, (▼) lanolin, (♦) hydroxyproline, (■) proline, and 

(▲) urea. Each point is the average value taken from 11-17 scattering patterns, 

except the 0 % sample which is the average of six scattering patterns. 

 

 

Table 6.1. Statistics for orientation index (OI) and D-spacing values when 

comparing samples with no additives (0%) to samples with added model 

compounds. All t-tests were calculated using an alpha of 0.05. 

 

 

Orientation Index comparison D-spacing comparison 

Difference 

in values 

Statistical 

Significance 

t 

statistic 
P value 

Difference 

in values 

(nm) 

Statistical 

Significance 

t 

statistic 
P value 

0% to 4% 

hydroxyproline 
-0.0580 Significant 2.33 0.0307 2.2182 Significant -13.10 <0.0001 

0% to 7.2% 

hydroxyproline 
-0.0992 Significant 4.21 0.0004 2.1416 Significant -10.54 <0.0001 

0% to 4% proline -0.0107 
Not 

Significant 
0.45 0.6600 2.8499 Significant -18.31 <0.0001 

0% to 7.2% 

proline 
0.0005 

Not 

Significant 
-0.15 0.9880 3.0729 Significant -20.48 <0.0001 

0% to 4% urea -0.1486 Significant 2.90 0.0095 2.7751 Significant -18.79 <0.0001 

0% to 7.2% urea -0.0422 
Not 

Significant 
1.69 0.1120 3.1757 Significant -19.72 <0.0001 

0% to 8% lanolin -0.0998 Significant -3.36 0.0030 2.9274 Significant -12.82 <0.0001 
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6.4 Discussion 
 

It was found that urea, proline, and hydroxyproline changed the collagen fibril OI 

and D-spacing. Urea and other small organic compounds are present in skin care 

formulations. As such, any insight as to how such additives might alter the 

architecture of collagen could benefit the cosmetics industry. 

The observed D-spacing increase that the addition of the amino acids produces can 

be physically equated to a lengthening of the collagen fibrils. The mechanisms 

coming into play to attain such a lengthening may be due to alterations within the 

hydrogen bond network. 

Both direct hydrogen bonds and water-mediated hydrogen bonds contribute to 

collagen stability. Firstly, let us consider direct hydrogen bonds. The N-H of glycine 

and the O=C of the residue in the X position on adjacent polypeptide strands 

within every tropocollagen are linked by direct hydrogen bonds. There are also 

hydrogen bonds between the side-chains of the amino acids and main-chain 

atoms, as well as side-chain–side-chain hydrogen bonds. Urea is known to form 

hydrogen bonds with peptide groups (Lim et al., 2009). It is therefore possible that 

the increase in the tropocollagen unit length could be the result of urea breaking 

some H-bonds within the triple helix, resulting in looser coiling (Bella et al., 1994). 

This would result in an increase in D-spacing with the effect spread equally over 

both the gap and the overlap region of the fibril. Interestingly, lanolin had a similar 

effect. The D-spacing values of collagen after addition of urea at 63.0 (σ = 0.24) nm 

at 4% concentration and 63.4 (σ = 0.25) nm at 7.2% concentration are similar to 

those of collagen samples made with 8% lanolin, with a value of 63.2 (σ = 0.50) 

nm. Lanolin, a long-chain waxy ester, is likely to have a different mechanism based 

on its hydrophobic properties and its effect on water structure.  

Urea was expected to break the water-mediated hydrogen bonds and lengthen the 

collagen D-spacing. The results showed an increase in the D-spacing as was 

expected, based on Lim (PNAS 2009) and Record (Record et al., 2013). However, 

given the  protein-precipitating properties of proline (Record et al., 2013), it was 

expected that proline and hydroxyproline to have the opposite effect, that of 
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shortening the D-spacing. This was not observed, but rather an extension of the D-

spacing was seen (Table 6.1). 

The second type of hydrogen bonds to consider is the water-mediated hydrogen 

bonds. In the presence of hydrophobic molecules, water structure becomes 

ordered and the number of H-bonds is reduced. In the presence of polar molecules, 

the number of H-bonds also changes as the polar molecules compete with the 

water to interact with the tropocollagens. Hydrogen bonds mediated through 

water bridges within the tropocollagen structure may likewise be affected, 

resulting in a looser coiling of the triple helix and a concomitant increase in D-

spacing. Lanolin, being hydrophobic, could push out the water involved in the 

water-mediated hydrogen bonds. Without these bonds stabilising the structure of 

collagen, it may lengthen. As with lanolin, the effect on hydrophobic interactions 

could explain the structural change to collagen when other compounds are added. 

Proline has non-polar side chains and is hydrophobic meaning it could act 

similarly to lanolin by forcing out water molecules due to its hydrophobic nature. 

Urea has been shown to decrease the hydrophobic effect by displacing water (Zou 

et al., 1998). If water was displaced by an added molecule the water-mediated 

hydrogen bonds would be affected and collagen’s stabilising hydrogen bonding 

network would be weakened. Consequently this may be reflected by a lengthening 

of the collagen D-spacing. 

The collagen fibril orientation, or OI, is also affected by the addition of the model 

compounds. The urea and hydroxyproline decreased the OI of the collagen fibrils 

(Table 6.1). In contrast, lanolin increases the OI, showing that the addition of 

lanolin increases the alignment of the fibrils. These observations may reflect the 

different nature of these two compounds, and a fundamental difference in their 

mode of activity. Urea exerts its influence through polar interactions and competes 

with water to make H-bonds with the peptide groups within the collagen 

structure, essentially affecting the hydration shell around the molecule. Lanolin 

impacts the collagen structure through hydrophobic interactions ordering the 

water around the molecule and also affecting the hydration shell. So both lanolin 

and urea affect water structure. However when these compounds are added to 

collagen the effect within the fibril and between fibrils is different. Urea disrupts 
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interactions between fibrils by breaking non-covalent bonds. It is likely that this 

will result in a decrease in the alignment of parts of or whole fibrils. Conversely, 

lanolin, because of its structure, can insert itself between fibres, trapping ordered 

water and allowing the fibres to slide over each other, to increase fibre alignment. 

 

 

6.5 Conclusions 
 

It was found that the structure of collagen fibrils is modified by treatment with 

urea, hydroxyproline and lanolin. The change in D-spacing could be caused by 

either a change in the triple alpha helix structure of tropocollagen or by modifying 

the bonds between the tropocollagens.  Urea lengthens the D-spacing as predicted 

due to its negative impact on hydrophobic effects through displacement of water 

and also significantly reduced the OI of the skin. Lanolin had the same effect on D-

spacing as urea, it had the opposite effect on the OI to urea. Given that lanolin is a 

major component of most skin care formulations, understanding how it functions 

at a molecular level is important for the cosmetic industry. A D-spacing increase 

was observed for added proline and hydroxyproline. Further investigations of the 

mechanisms of modification of collagen in skin by urea, proline, hydroxyproline, 

lanolin, and by extension other organic compounds, may lead to a better 

understanding of existing skin formulations and their interaction with collagen. 

Hopefully this knowledge can be extended to the action of moisturisers and 

cosmetic products on living skin. 
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Chapter 7: Fat Liquor Effects on Collagen Fibril 

Orientation and D-spacing in Leather During Tensile 

Strain 
 

Strength is a very important property of leather and is known to depend on the 

arrangement of the collagen fibrils within the material. The addition of fat liquor 

(penetrating oils) is an essential part of the manufacture of leather and enhances 

the strength and feel of leather. However, the mechanism by which fat liquor leads 

to increased strength is not understood. Here synchrotron based small angle X-ray 

scattering (SAXS) is used to monitor the collagen fibril rearrangement and internal 

strain of leather during tension. Differences in internal structural changes under 

strain with varying levels of fat liquor are investigated. It is found that when a 

strain of up to 40-70% was applied to leather, the orientation index of the collagen 

fibrils changed  up to 21.8% and the D-spacing changed by up to 1.8% with no 

consistent differences at different levels of fat liquor. The extensibility of leather 

increases by 11.3% with as little as 2% fat liquor addition and the elastic modulus 

decreases with fat liquor addition but not in proportion to the amount of fat liquor. 

This change in extensibility is not reflected in differences in OI or D-spacing 

changes during strain.  As reported previously, the fat liquor modifies the D-

spacing of collagen. While fat liquor is traditionally considered to lubricate the 

fibres in leather, here it is shown that this does not to occur at the level of collagen 

fibrils. This provides an insight in the action of fat liquor in leather manufacture. 
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Figure 7.1. Increase in fibre sliding upon stretching of leather after the addition of 

fat liquor. 

 

 

7.1 Introduction 
 

The physical properties of leather result from a combination of the native 

characteristics of the skin or hide from which the leather is prepared and from the 

chemical and mechanical processing of leather manufacturing. Strength, flexibility, 

elasticity, and appearance are all important for the applications of leather. The 

major structural component of leather is type I collagen and it is the mechanical 

properties of the collagen fibrils (Basil-Jones et al., 2011, Wells et al., 2015, Russell, 

1988) and the interactions between the fibrils (Chan et al., 2009, Rabinovich, 2001, 

Kayed et al., 2015, Deb Choudhury et al., 2007a, Michel, 2004) that make the major 

contribution to the physical properties of leather.  
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Interactions between collagen fibrils in leather consist of hydrogen bonding and 

hydrophobic bonding and cross linking introduced by tanning with chromium 

salts or tannins. Cross linking agents can alter the strength of the material and the 

arrangement of collagen fibrils (Kayed et al., 2015). 

At a later stage in the processing of skins to leather penetrating oils, known in the 

industry as fat liquor, is added to improve the feel of the leather and to increase 

the strength. It is believed that fat liquor acts to lubricate the fibres in leather 

(Bajza and Vreck, 2001). Recently it has been shown that fat liquor penetrates to 

the level internal to collagen fibrils and alters the structure of the fibrils, increasing 

the D-spacing (Sizeland et al., 2015a). This is believed to be a result of shielding of 

the hydrophobic interaction between individual collagen molecules or 

tropocollagen units (Sizeland et al., 2014) . 

A powerful method to investigate the structure of collagen materials is small angle 

X–ray scattering (SAXS) which can provide detailed structural information on the 

microfibril orientation, D-spacing and the collagen fibril diameter in leather and 

other tissues (Kronick and Buechler, 1986, Kennedy et al., 2004, Goh et al., 2005, 

Sizeland et al., 2013, Basil-Jones et al., 2010, Wells et al., 2013).  

Using SAXS it is possible to characterise the structure of the collagen while tension 

is being applied. This gives accurate values of the physical properties of the 

material such as strength, flexibility, extensibility, and elastic modulus which can 

be compared with the structural measurements to determine if there any 

correlations between them. 

To understand the physical properties of leather, changes to the structure and 

arrangement of the collagen fibrils during mechanical strain has previously been 

investigated (Boote et al., 2002, Sturrock et al., 2004, Basil-Jones et al., 2012, Wells 

et al., 2015). It has been found that with strain of the leather the collagen fibrils 

first align and then stretch. 

This study aims to investigate the effect that fat liquor has on leather during 

mechanical strain. Is it believed that fat liquor lubricates the fibres in leather and it 

has been shown that fat liquor penetrates beyond the level of collagen fibrils, so 

does the fat liquor lubricate at the level of collagen fibrils? 
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7.2 Experimental Procedures 
 

Ovine pelts were obtained from 5-month-old, early season lambs of breeds with 

“black faces”, which may include Suffolk, South Suffolk, and Dorset Down. 

Conventional beamhouse and tanning processes were used to generate leather as 

detailed in Chapter 3.2.1. Fat liquoring was carried out using Lipsol EHF (Schill + 

Seilacher). This product contains a mixture of lanolin, bisulfited fish oil and 2-

methyl-2,4-pentanediol. Lanolin, or wool wax, consists primarily of long chain 

waxy esters and some hydrolysis and oxidation products of these esters. The fat 

liquor was added at 0–10% by weight of wet leather prior to drying and 

mechanical softening.  

Samples for synchrotron-based small angle X-ray scattering (SAXS) analysis were 

prepared by cutting strips of leather 1 × 30 mm from the official sampling position 

(OSP)(Williams, 2000b) from pelts of leather processed with 0, 2, 4, 6, 8, and 10% 

Lipsol EHF. Diffraction patterns were recorded on the Australian Synchrotron 

SAXS/WAXS beamline on static samples as per the experimental procedure 

detailed in Chapter 3.2.2 using an X-ray energy of 11 keV.  

A custom built stretching apparatus was built for in-situ small angle X-ray 

scattering (SAXS) measurements as described by Basil-Jones (Basil-Jones et al., 

2012). SAXS analysis completed whilst stretching a sample was completed by 

following the method described in Chapter 5.2.  

Orientation index (OI) is used to give a measure of the spread of microfibril 

orientation and can be any number within the range 0–1. An OI of 1 indicates 

anisotropic microfibrils or fibrils that are completely parallel to each other; an OI 

of 0 indicates isotropic microfibrils or fibrils that are completely randomly 

oriented. OI is defined as (90° – OA)/90° where OA is the azimuthal angle range 

that contains 50% of the microfibrils centered at 180° and is calculated for one of 

the most intense D-spacing peak (at around 0.059–0.060 Å–1) for every diffraction 

pattern (Basil-Jones et al., 2011). 
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The D-spacing of collagen was determined for each spectrum from Bragg’s Law by 

taking the central position of several collagen peaks, dividing these by the peak 

order (usually from n = 5 to n =10) and averaging the resulting values. 

Tear strengths of the crust leathers were tested using standard methods (Williams, 

2000a). Samples were cut from the leather at the official sampling positions (OSP) 

(Williams, 2000b). The samples were then conditioned by holding at 20°C and 

65% relative humidity for 24 hours then tested on an Instron tensile tester using 

jaws placed in a standard eye-shaped cut out.  

 

 

7.3 Results 
 

The offer of fat liquor to the leather ranged up to 10% however the actual uptake 

of fat liquor was not quite the same as the offer. An analysis of the fat content of 

the fat liquored leather showed a higher fat content than the nominal offer, with a 

saturation occurring at 8% offer (Table 7.1).  

 

Table 7.1. Nominal addition of fat liquor and measured content of fat in leather 

samples. 

Nominal Addition 

of Fat Liquor (%) 

Measured Fat 

Content (%) 

Measured fat liquor added 

(%) 

0 1.0 0.0 

2 3.8 2.8 

4 5.7 4.7 

6 8.8 7.8 

8 9.8 8.8 

10 9.9 8.9 
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The X-ray scattering patterns recorded for the leather samples show clear 

diffraction rings (Figure 7.2a and 7.2b) which are due to the collagen d-banding. 

The integrated intensity for these patterns shows these as well defined peaks from 

which the d-banding can be identified (Figure 7.2c and 7.2d). The variation in 

intensity with azimuthal angle (Figure 7.2e) can be used to calculate the 

orientation index of the collagen fibrils. It can be seen that when the leather is 

stretched the OI decreases and a portion of the fibrils which are aligned in the 

direction of the strain become highly stretched with the D-spacing increasing 

substantially.  

      

 

(a) (b) 
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Figure 7.2. Example of SAXS of leather: (a) raw SAXS pattern static; (b) raw SAXS 

pattern after stretching; (c) integrated intensity profile of static sample; (d) 

integrated intensity profile of sample after stretching; (e) intensity variation with 

azimuthal angle for the 5th order diffraction peak (dotted line static, solid line 

stretched). 

 

When the variation of D-spacing with strain is plotted it becomes apparent that the 

D-spacing increases with fat liquor content (as reported elsewhere (Sizeland et al., 

2015a)) and increases with strain (as seen with ovine leather (Basil-Jones et al., 

2012)) (Figure 7.3). There is no difference between 8% and 10% fat liquor offer 

samples as these had saturated and had the same uptake of fat liquor. 

 

Figure 7.3. Variation in D-spacing with strain and fat liquor content: (●,          ) no 

fat liquor, (○, ········) 2% fat liquor, (▼, − − − −) 4% fat liquor, (∆, − ·· − ·· −) 6% fat 

liquor, (■, ―――) 8% fat liquor, (□, − · − · −) 10% fat liquor. 
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The OI increases with strain for all samples (Figure 7.4). Samples with more fat 

liquor have a lower OI than those with less fat liquor (Figure 7.5a). However, when 

stretched, a sample first has an increase in OI but then the OI measured at 

maximum strain before the sample breaks does not correlate with fat liquor 

addition. 

 

Figure 7.4. Variation in orientation index (OI) with strain and fat liquor content: 

(●,       ) no fat liquor, (○, ········) 2% fat liquor, (▼, − − − −) 4% fat liquor, (∆, − ·· − ·· 

−) 6% fat liquor, (■, ―――) 8% fat liquor, (□, − · − · −) 10% fat liquor. 

 

    

Figure 7.5. Variation of OI with measured fat liquor content: (a) for unstrained 

leather; (b) for leather strained to maximum, orientation is calculated by taking 

the average OI of the sample after each stretching increment (from no stretch up 

to the maximum amount stretched) and averaging these values. 

(a) (b) 
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The samples with different fat liquor content do not all stretch the same amount. 

Therefore a plot of the change in D-spacing and OI at a strain of 0.4 is also shown 

(Figure 7.6). This provides a fair comparison between the changes that take place 

to fibril rearrangement and internal fibril stretching for samples under increasing 

amounts of tension when different levels of fat liquor are present. This shows no 

trend when stretched with fat liquor content of the sample in either the amount 

that D-spacing changes or in the OI change with stretching (Figure 7.6) 

 

Figure 7.6. Change in OI and D-spacing upon strain to 0.4 for each measured fat 

liquor content. 

 

The stress-strain curves (Figure 7.7) show that the elasticity varies with fat liquor 

content. With fat liquor added leather has a longer region of low elastic modulus 

(material is able to stretch more) before the leather starts to resist stretching. Full 

stress-strain curves for the small samples measured in-situ during X-ray analysis 

are shown in Figure 7.7a but these were small samples and must not be over-

interpreted. More reliable for elastic modulus measurements were the larger 

samples measured independently of the SAXS measurements showing the initial 

drop in elastic modulus with an addition of a small amount of fat liquor followed 

by a general increase in elastic modulus with further fat liquor additions (Figure 
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7.7b). The total extensibility of the leather is also shown but does not follow an 

easily rationalised trend (Figure 7.7c). 

.  

 

(a) 

(b) 
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Figure 7.7. (a) Stress-strain on small leather samples recording during SAXS 

measurements (●, _____) no fat liquor, (○, ········) 2% fat liquor, (▼, − − − −) 4% fat 

liquor, (∆, − ·· − ·· −) 6% fat liquor, (■, ―――) 8% fat liquor, (□, − · − · −) 10% fat 

liquor; (b) Elastic modulus taken from curves in (a); (c) amount stretched by 

sample versus measured fat liquor content. 

 

The tear force follows a similar trend to the elastic modulus of the samples. There 

is an initial drop in the tear strength with the addition of a small amount of fat 

liquor followed by a general increase in tear strength with further fat liquor 

additions (Figure 7.8). Generally therefore leather is stronger when fat liquor is 

present.  

(c) 
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Figure 7.8. Tear force of leather with measured fat liquor content. 

 

The variation of OI through sections of leather with different amounts of fat liquor 

at different levels of strain (Figure 7.9) show the strain is taken up throughout the 

thickness of the leather and that this is similar with or without fat liquor added. 

There is no obviously different mechanism of responding strain with or without fat 

liquor present. 
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Figure 7.9. Cross sections of leather under strain. No fat liquor (a, b), 8% fat liquor 

(c, d). Variation of OI with strain (a, c), variation of D-spacing with strain (b, d).  

 

 

 

 

(c) (d) 

(a) (b) 
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7.4 Discussion 
 

While it can be seen that the fat liquor penetrates to the collagen fibrils and 

changes some aspect of the structure of the fibrils, the D-spacing, as shown in 

Chapter 4, there does not appear to be any difference in the change in the 

orientation of the fibrils during strain with or without fat liquor. Therefore the 

rearrangement of fibrils in the leather is not greater with fat liquor added than 

without. In addition, the amount of force individual fibrils experience (evidenced 

by D-spacing change during stress) is not less with fat liquor than without. 

If the fat liquor acted to lubricate the collagen fibrils so that they slide more easily 

past one another then it would be expected that the OI would change much more 

with strain when fat liquor is added because as the fibrils slide more easily past 

each other they would be able to rearrange their positions to become more 

aligned. If this is the mechanism of action of fat liquor then it would also be 

expected that once well aligned then the fibrils should be able to stretch more as 

they are aligned with the direction of force. Neither of these is seen, neither a 

greater change in OI nor a larger increase in D-spacing. Therefore, there is no 

evidence of lubrication of the collagen fibrils, even though it is known that the fat 

liquor penetrates not just to the fibrils but within the fibrils (as evidenced by the 

change in D-spacing). 

From the stress-strain data, and as is well known already, fat liquor does improve 

the bulk properties of leather and increases the extensibility and decreases the 

elastic modulus of leather. Therefore fat liquor does have an effect on the leather. 

Since the lubrication by fat liquor does not appear to occur at the fibril level the 

mode of action may be lubrication between fibril bundles or fibres which is at a 

different scale to the fibrils.  

Leather takes up strain at a variety of scales, both within the fibril (D-spacing), 

between fibrils (OI) and at the fibril bundle and fibre level (possibly contributes 

also to OI). Fat liquor affects the larger scale processes and is important to the 

properties of finished leather. 
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7.5 Conclusions 
 

This study has been able to provide more knowledge of the mechanism of action of 

fat liquor to the elasticity of leather to inform the leather making process. It has 

been shown leather takes up strain on many levels of the hierarchical structure of 

collagen and that with the addition of fat liquor the ability of the material to 

stretch is increased. Lanolin, which was a key component of the fat liquor used 

here, is commonly used in skin care formulations and as such this knowledge may 

also apply to skin modified by skin care products. 
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Chapter 8: Age Dependent Differences in Collagen 

Alignment of Glutaraldehyde Fixed Bovine Pericardium 

 

Bovine pericardium is used for heart valve leaflet replacement where the strength 

and thinness are critical properties. Pericardium from neonatal animals (4-7 days 

old) is advantageously thinner and is considered as an alternative to that from 

adult animals. In this investigation the structures of adult and neonatal bovine 

pericardium tissues fixed with glutaraldehyde are characterized by synchrotron-

based small angle X-ray scattering (SAXS) and compared with the mechanical 

properties of these materials. Significant differences are observed between adult 

and neonatal tissue. It is shown that high alignment in the plane of the tissue 

provides the mechanism for the increased strength of the neonatal material. The 

superior strength of neonatal compared with adult tissue (depicted in Figure 8.1) 

supports the use of neonatal bovine pericardium in heterografts. 

 

Figure 8.1. Adult pericardium with a lower OI is a weaker material; neonatal 

pericardium with a higher OI is a stronger material. 



 

139 
 

The following investigation has been published in the BioMed Research 

International Journal in 2014, Issue 10, and can be found in Appendix 10.1. 

 

 

8.1 Introduction 

 

Heart valve leaflet replacement with bovine pericardium is an established practice 

(Nwaejike and Ascione, 2011) using either adult or calf pericardium (Paez et al., 

2006) and may be performed percutaneously (Cribier et al., 2003). It is essential 

that the mechanical strength and performance of the material is adequate for a 

long life in service (Mirnajafi et al., 2010). Greater understanding of the properties 

of these materials and the structural basis for these properties is important for 

improving the serviceability of these replacements. 

Pericardium is a fibrous collagen extracellular matrix material with structural 

similarities to skin and other tissues. The structure of these collagenous tissues 

can be characterized by small angle X-ray scattering (SAXS) to yield, for example, 

quantitative measures of fibril orientation and fibril D-spacing (Liao et al., 2005, 

Purslow et al., 1998, Basil-Jones et al., 2010). While other methods have been used 

to study collagen fibril orientation including polarized light microscopy (Julkunen 

et al., 2010), reflection anisotropy (Schofield et al., 2011), small angle light 

scattering (Sacks et al., 1997), confocal laser scattering (Jor et al., 2011), Raman 

polarisation (Falgayrac et al., 2010), and anisotropic Raman scattering (Janko et 

al., 2010), synchrotron based SAXS has the advantage of excellent non-subjective 

quantification combined with good spatial resolution. 

That there is a function-structure relationship between collagen alignment and 

mechanical strength is well known (Fratzl and Weinkamer, 2007). The orientation 

of collagen measured edge on (alignment in-plane) has been shown in bovine and 

ovine skin to be correlated with strength (Basil-Jones et al., 2011, Basil-Jones et al., 

2012). This correlation extends across a range of mammal species with a strength 

range of over a factor of five (Sizeland et al., 2013). It is the three-dimensional 
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orientation that is important – simply taking an observation of the fibril 

orientation normal to the surface of the tissue is not very helpful. Instead, it is 

necessary to measure the orientation of the fibrils through the thickness of the 

skin to determine the extent to which they cross between the top and the bottom 

of the skin layer (Sizeland et al., 2013). 

The orientation of collagen in pericardium heterograft materials for heart valve 

leaflets has been shown to affect the stiffness during flexing (Mirnajafi et al., 2005). 

In ovine and bovine skin, the orientation of the fibrils in the skin influences the 

mechanical properties (Sizeland et al., 2013, Basil-Jones et al., 2012). 

It has previously been found that pericardium from neonatal calves (4-7 days old) 

has superior properties for potential application for heart valve repair (Cunanan et 

al., 2012). Although both adult and calf bovine pericardia are used in heart valve 

repair, neonatal pericardium has not yet been used for heart valve manufacture. 

The greater tensile modulus of neonatal pericardium than adult pericardium may 

enable the thinner neonatal tissue to be used. This would allow a smaller 

introducer size for percutaneous heart valves. This makes the application of these 

heart valves possible through diseased femoral arteries which may have reduced 

diameters (Kroger et al., 2002). Glutaraldehyde cross linked pericardium 

continues to be the material of choice for heart valve manufacturers and 

developers. There are several devices on the market and more devices currently in 

clinical trial that use glutaraldehyde treated tissues. 

It is known that collagen tissue properties change with age. Differences have been 

shown in the thermal stability of tendon collagen between steers aged 24-30 

months and bulls aged 5 years old and this has been attributed to increased level 

of maturity and thermally stable cross links (Willett et al., 2010). Glycation of 

collagen increases with age and can lead to differences in mechanical properties of 

the collagen. It has been shown to increase stiffness in connective tissues (Bailey, 

2001) and collagen gels (Francis-Sedlak et al., 2009) and increase brittleness in 

bones(Leeming et al., 2009). Porcine extracellular matrix scaffolds derived from 

small intestinal submucosa of younger animals and used for in vivo remodeling 

have been studied previously. They were associated with a more constructive, site 
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appropriate, tissue remodeling response than scaffolds derived from older animals 

(Sicari et al., 2012). However, specific physical factors causing this difference were 

not identified.  

It has also been found that tissue strength varies with collagen fibril diameter.  

Larger diameter collagen fibrils are present in stronger tissue. In human aortic 

valves, the collagen fibril diameter depends on whether the fibrils are from regions 

of high stress or low stress: larger diameter fibrils (in areas of lower fibril density) 

result from high stress, suggesting that these larger diameter fibrils provide 

increased strength (Balguid et al., 2008). Similarly for mouse and rat tendon, fibril 

diameters increase with loading (Michna, 1984, Biancalana et al., 2010). It is 

proposed that this is due to the extra mechanical load placed on the tendons on the 

exercising animals (due to their higher activity levels) stimulating fibril thickening 

(Biancalana et al., 2010). In bovine leather fibril diameter is found to be only 

weakly correlated with strength (Wells et al., 2013). 

The size distribution of the fibril diameter has also been found to change with age. 

Fetal tissue has been found to have a unimodal distribution with smaller collagen 

fibril diameters, whereas older tissue has larger fibrils and may have a unimodal 

or bimodal size distribution depending on the tissue type and animal (Parry et al., 

1978). In studies of equine digital flexor tendons, fibril diameter decreases with 

exercise, suggesting weakening of tendon with exercise (i.e. fatter fibril is 

stronger). Unusually, the fibril diameter in these tendons decreases with age, and 

this is associated with the decrease in strength (PattersonKane et al., 1997b, 

Cherdchutham et al., 2001). 

In the percutaneous delivery of heart valves, the size of the device when folded for 

delivery is important. Devices made from adult bovine pericardium or porcine 

pericardium typically require a size 18F to 25F catheter (7.0 – 8.4 mm) (Chiam and 

Ruiz, 2008). This size is in part dictated by the thickness of the pericardium that is 

used in the valve, with thicker material folding into a larger diameter device for 

insertion. A study of 79 patients with peripheral arterial disease found that 

occluded femoral arteries had an average internal diameter of 4.5 ±1.4 mm with 

12 below 3.5 mm (11F on the French catheter scale) (Kroger et al., 2002). These 
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occluded arteries are significantly smaller than the folded heart valves resulting in 

difficulties for percutaneous delivery of existing heart valve technology. This 

provides a motivation to find thinner but sufficiently strong material as a 

substitute for the existing bovine or porcine pericardium. Neonatal pericardium is 

one possible option that is investigated here. 

The structural differences between neonatal pericardium and adult tissue that give 

rise to the desirable differences in their physical properties have not been 

adequately investigated. This study investigates and compares the collagen fibril 

structure of neonatal and adult bovine pericardium using SAXS. Specifically, the 

fibril orientation, and the fibril diameter are examined. The use of SAXS at a 

modern synchrotron facility allows analysis of a small area (250 x 80 μm), 

enabling quantification of fibril orientation edge on in relatively thin pericardium 

tissues – a process that is difficult to achieve by other methods. 

 

 

8.2 Experimental Procedures 
 

Southern Lights Biomaterials Inc. provided all pericardium samples for analysis. 

The processing method for these pericardia followed conventional procedures and 

is outlined below along with the selection of the samples. 
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Figure 8.2. (a) neonatal and (b) adult pericardium prior to cutting into a butterfly 

shape. 

 

Pericardia were selected from 10 neonatal (4 – 7 days old) and 10 adult (18 – 24 

months old) cattle (Figure 8.2a and 8.2b above). The fresh pericardia (less than 72 

hours post mortem and typically 48 – 72 hours post mortem) were washed several 

times in PBS buffer (pH 7.4 ± 0.2, 0.01 % NaCl). Neonatal tissue was typically 

processed closer to 72 hours post mortem due to the logistics of obtaining the 

samples while adult tissue was typically processed closer to 48 hours post 

mortem. The tissue was stored at 4 - 7 °C from harvest until the start of washing. 

Washing in PBS buffer took place at room temperature. The pericardium was then 

cut and flattened into a “butterfly” shape and held flat with weights around the 

edge (Figure 8.3) with care taken to ensure there were no air bubbles trapped 

beneath the material.  

 

(a) (b) 
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Figure 8.3. Flattened pericardium held with weights around the edge following 

cutting (Sizeland et al., 2014). 

 

Treatment with glutaraldehyde was performed in several stages at room 

temperature. First the flat, weighted pericardium was immersed in a tray of 0.625 

% glutaraldehyde (in PBS buffer) for 30 minutes. The second stage was immersion 

in fresh 0.625% glutaraldehyde (in PBS buffer) for 48 hours with the weights 

removed. For the third stage the solution was changed for fresh 0.625% 

glutaraldehyde (in PBS buffer) and maintained for a further 48 hours. After this 

treatment, coupons of 90 mm x 140 mm were cut from the centre of each side of 

the butterfly. For the SAXS analysis, strips were cut in two directions 

perpendicular to each other from the centre of coupons. Replicates of each sample 

were prepared. The thickness of the coupons was measured with callipers using a 

light and consistent force. Details of all samples were recorded when cut and the 

samples were stored in small, numbered, lidded glass vials to ensure no 

information was lost and samples remained unharmed and easily identifiable after 

transportation. The pericardium samples were stored with enough 0.625% 

glutaraldehyde PBS solution to keep the material moist until required for other 

tests. The time between this stage and mechanical or SAXS measurements varied 

between 1 day and 3 weeks. 

In preparation for SAXS analysis, the pericardia were removed from the 

glutaraldehyde solution in which they had been stored and soaked for at least 1 

hour in buffered saline solution. The strips were then mounted between 7-μm-
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thick kapton tape to prevent drying during analysis (i.e. retain them in a wet state). 

The X-ray beam was directed either through the sample perpendicular to the flat 

surface or through one of two edge mounted samples. This meant that spectra 

were recorded in each of three orthogonal directions through the tissue for each 

sample (Figure 8.4). 

 

Figure 8.4. Beam direction for SAXS analysis with relation to pericardium 

butterfly (Sizeland et al., 2014). 

 

For the samples analysed edge on it was necessary to brace the tissue against a 

stiff plastic strip mount to prevent the pericardium from folding or twisting during 

analysis. This ensured that there was only one layer of the sample in the path of 

the X-ray beam throughout all experimental analysis in this direction. All 

diffraction patterns were recorded at room temperature. 

The elastic modulus and ultimate tensile strength were measured uniaxially using 

an Instron tensile tester on strips of material. For detailed methods on tensile 

testing please refer to Chapter 3. 
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Histological cross sections stained with picrosirius red to highlight the collagen 

were recorded under cross polarized light on one sample of neonatal pericardium 

and one of adult pericardium (Constant and Mowry, 1968). 

Diffraction patterns were recorded on the Australian Synchrotron SAXS/WAXS 

beamline, utilizing a high-intensity undulator source. Energy resolution of 10-4 

(e.g. 1 x 10-4 Å for 1 Å radiation) was obtained from a cryo-cooled Si(111) double-

crystal monochromator and the beam size (FWHM focused at the sample) was 250 

x 80 μm, with a total photon flux of about 2 x 1012 ph.s-1. All diffraction patterns 

were recorded with an X-ray energy of 12 keV using a Pilatus 1M detector with an 

active area of 170 x 170 mm and a sample–to-detector distance of 3371 mm. 

Exposure time for diffraction patterns was 1 s and data processing was carried out 

using the SAXS15ID software (Cookson et al., 2006). For full static experimental 

methods refer to Chapter 3.2.2 and for stretching details see Chapter 5.2. 

The orientation index (OI) is used to give a measure of the spread of microfibril 

orientation and was calculated as detailed in Chapter 3.2.2. 

Fibril diameters were calculated from the SAXS data using the Irena software 

package (Ilavsky and Jemian, 2009) running within Igor Pro as described in 

Chapter 5.2.  
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8.3 Results 
 

 

Figure 8.5. Pericardium stained with picrosirius red and imaged through cross 

polarized light to highlight collagen: a) adult pericardium; b) neonatal 

pericardium. The parietal side is toward the left, the fibrous side toward the right 

of each image. Scale bar is 0.1 mm (Sizeland et al., 2014). 

 

Histology. Pericardium stained with picrosirius red highlight differences in the 

inner and outer layers of the parietal pericardium with more pronounced and 

larger collagen fibres in the fibrous side of the tissue (Figure 8.5). Differences are 

apparent between adult and neonatal pericardium with the adult pericardium 

more clearly differentiated into two layers. The layer on the fibrous side showed a 

strongly differentiated collagen fibre structure compared with the parietal side of 

the adult pericardium. By comparison the juvenile pericardium has less 

differentiation through its thickness. 

 

Thickness. The average thickness was 0.36 (σ = 0.03) mm for adult pericardium 

and 0.12 (σ = 0.006) mm for neonatal pericardium. The neonatal is therefore one 

third the thickness of the adult. 
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Mechanical properties. The elastic modulus of glutaraldehyde fixed neonatal 

bovine pericardium at both small strain (< 20%) and large strain is found to be 

very much greater than for glutaraldehyde fixed adult pericardium (Table 8.1). 

The ultimate tensile strength is also greater for glutaraldehyde fixed neonatal 

pericardium rather than adult pericardium (Table 8.1). The strength measured 

here (standard deviation in parentheses) of 19.1 (σ = 2.2) MPa for adult and 32.9 

(σ = 4.1) MPa for neonatal is less than that reported previously for unfixed bovine 

pericardium of 25-29 MPa and of unfixed porcine pericardium of 22-23 MPa (Paez 

et al., 2002a, Paez et al., 2002b) but greater than that reported in a different study 

for calf pericardium at 6-9 months of 11.5 ± 4.6 MPa (Maestro et al., 2006). Here 

we report the ultimate tensile strength as the tissue property per cross sectional 

area. The absolute strength of the glutaraldehyde treated adult pericardium is a 

little higher than the neonatal. However, it is noted that the neonatal pericardium 

is one third of the thickness of adult pericardium. The strain at failure is much less 

for neonatal pericardium than adult pericardium. This reflects the higher elastic 

modulus of the neonatal material compared with adult pericardium and high 

strength (Table 8.1).  

The main objective of this work is to determine why it is that the neonatal 

pericardium has a higher ultimate tensile strength and a higher tissue modulus. 

For this purpose the SAXS measurements were used to investigate the structures 

of these two materials. 
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Table 8.1. Mechanical properties of adult and neonatal glutaraldehyde fixed 

bovine pericardium. 

Test Adult 

(n=13)† 

Neonatal (n = 

11) † 

p† 

Small strain (< 0.2) 

elastic modulus (MPa) 

4.8 (2.0) 71.9 (11.6) <0.0001 

Large strain (> 0.2) 

elastic modulus (MPa) 

33.5 (3.2) 83.7 (10.6) <0.0001 

Ultimate tensile 

strength (MPa) 

19.1 (2.2) 32.9 (4.1) 0.0050 

Strain at failure 0.80 (0.06) 0.48 (0.03) 0.0002 

 

†Standard error ( ) and p from two tailed t-test comparison of adult and neonatal 

 

SAXS measurements. SAXS patterns of pericardium show clearly the diffraction 

from collagen fibrils. Two selected SAXS images are shown illustrating a nearly 

isotropic sample (Figure 8.6a) and a highly oriented sample (Figure 8.6b).  The 

angular position of the bands or rings is due to the D-spacing of the collagen fibrils. 

The integrated intensity of such a pattern (Figure 8.7) enables the position of each 

peak of different order to be accurately measured.  

 

Figure 8.6. SAXS spectra of pericardium: a) a poorly oriented tissue; b) a highly 

oriented tissue (Sizeland et al., 2014).  
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Figure 8.7. SAXS profile of an example bovine pericardium integrated around all 

azimuthal angles. The sharp peaks due to collagen D-spacing of various orders are 

visible (order 5 is just below 0.05 Å-1, order 6 at just below 0.06 Å-1, etc.) (Sizeland 

et al., 2014). 

 

To obtain a quantitative measure of the orientation of the fibrils, the variation in 

intensity of one of these collagen peaks is plotted as a function of azimuthal angle 

(Fig. X below). It is the width of the peak centered at 180° that reflects the 

orientation index (OI). 

    

Figure 8.8. Plots of the intensity of a selected collagen peak at varying azimuthal 

angles for bovine pericardium samples. a) a poorly aligned tissue; b) a highly 

aligned tissue. The central peak at 180° (and other peaks at 0 and 360°) is the 
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variation in intensity of collagen D-spacing whereas the lower peaks at 90° and 

270° are due to the scattering from the thickness of the fibrils and fibril bundles 

(Sizeland et al., 2014). 

 

Orientation. The collagen fibril OI measured perpendicular to the surface of the 

pericardium is very small, indicating a highly isotropic arrangement of fibrils in 

this direction. There is no statistical difference in alignment between adult tissue 

(OI = 0.020) and neonatal tissue (OI = 0.071) (t-statistic = 0.794, P = 0.43) (Table 

8.2). 

In contrast to the perpendicular measurements, edge on the fibrils are more 

oriented and have a higher OI. The fibrils are therefore approximately in isotropic 

layers stacked one upon the other. However, there are marked differences 

between the neonatal and the adult pericardium tissues, and these differences are 

most noticeable in the degree with which these layers intertwine with each other. 

Edge on, the adult pericardium tissue has a significantly lower OI than the 

neonatal tissue measured both in the vertical and the horizontal directions. 

Measured in the vertical direction, the adult has an OI of 0.581 (σ = 0.051) 

compared with the neonatal OI of 0.800 (σ = 0.031). These results are significantly 

different (t-statistic = 21.5, P < 0.0001). Measured in the horizontal direction, the 

OI of adult pericardium is 0.669 (σ = 0.032) and the OI of neonatal pericardium is 

0.763 (σ = 0.106). This shows a significant difference between the two materials 

(t-statistic = 4.4, P < 0.0001). In other words, the fibrils in the neonatal tissue are 

significantly more aligned within the plane of the tissue than those in the adult 

tissues. 
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Table 8.2. Orientation index (OI) for pericardium samples measured 

perpendicular and edge on to the surface for samples cut vertically or horizontally 

from the pericardium. 

Direction 

measured 

Animal 

age 

OI Std 

deviation 

No. of 

pericardia 

No. of 

measurements 

Perpendicular Adult 0.020 0.096 10 42 

Perpendicular Neonatal 0.071 0.152 10 42 

Edge on 

vertical 

Adult 0.581 0.051 2 52 

Edge on 

horizontal 

Adult 0.669 0.032 2 27 

Edge on 

vertical 

Neonatal 0.800 0.031 2 30 

Edge on 

horizontal 

Neonatal 0.763 0.106 2 27 

 

 

Fibril diameter. No statistically significant difference was found in the collagen 

fibril diameter between neonatal and adult bovine pericardium. Fitting a cylinder 

model to the SAXS data the adult group (n = 39) gave a mean (with standard 

deviation) of 47.7 (σ = 3.0) nm while the neonatal group (n = 39) gave 48.4 (σ = 

4.5) nm. Comparing the two sample sets there was no significant difference 

between neonatal and adult (t-statistic = -0.85, P = 0.40). 

 

SAXS cross sections. Pericardium tissue is known to vary throughout its 

thickness and variation in structure is visible in the histological sections (Figure 

8.5). The variation in OI was measured through cross sections of glutaraldehyde 

fixed pericardium for neonatal and adult tissue. 
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The OI measured through the thickness of glutaraldehyde fixed pericardium does 

not show a general change from one side to the other (Figure 8.9). Ovine and 

bovine leather show a similar flat profile of OI with skin depth (Basil-Jones et al., 

2011, Basil-Jones et al., 2012). The flat profile between the two halves of the 

pericardium is somewhat surprising here as the histology shows two distinct 

layers. The variability in OI across the sample appears to be larger for the adult 

than the neonatal tissue. It is proposed that highly aligned collagen fibrils are 

responsible for high strength and that varied alignment spreads weakness through 

the thickness of a material. Variability in alignment in the adult pericardium is thus 

expected to lower the tensile strength of the adult pericardium. 

 

 

Figure 8.9. Variation of orientation index through the thickness of glutaraldehyde 

fixed pericardium a) neonatal; b) adult. Each figure shows two profiles for each of 

two samples (Sizeland et al., 2014). 
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8.4 Discussion 
 

Adult and neonatal glutaraldehyde fixed pericardium are both useful for 

constructing bioprosthetic heart valves. However, there are clear differences to be 

found between the collagen structures in these tissues of different age. These 

differences are reflected in the orientation of the fibrils.  

There was a significant difference observed in the OI between neonatal and adult 

bovine glutaraldehyde fixed pericardium. For tissue measured edge on, there is a 

higher OI in the neonatal pericardium than the adult pericardium. This indicates 

that collagen fibrils are more aligned in the plane of the tissue in the neonatal 

pericardium. It is in this direction that the main stresses are applied to 

pericardium under the elastic deformation during normal heart function. Recent 

studies of human skin reported a difference in SAXS patterns of young and aged 

skin (no ages given). The intensity of the collagen diffraction peaks and level of 

anisotropy were both reported to vary. The aged skin has more intense diffraction 

peaks and is less anisotropic, i.e. has a lower OI, (Cocera et al., 2011) showing a 

preferential fibril orientation in young individuals that is lost with age. These 

measurements were taken perpendicular to the skin. The data presented here for 

bovine pericardium also shows less anisotropy in the older pericardium. However, 

this difference is most apparent in the edge on measurements rather than the 

perpendicular ones. 

It might be expected that the maximum strength of a tissue composed of collagen 

would be along the direction in which the collagen fibrils are arranged. Thus, when 

the collagen is more aligned in the direction in which force is applied the tissue 

will be stronger. A correlation which supports this concept has been observed for 

ovine and bovine skin of varying strengths and skin from a range of mammals. In 

those studies, a higher OI (in the plane of the tissue, but not normal to the plane) 

was correlated with higher tear strength (Basil-Jones et al., 2011, Sizeland et al., 

2013). Therefore the higher OI in edge on measurements of neonatal pericardium 

should indicate improved tear strength of this tissue in comparison with adult 

pericardium. This is indeed observed in tensile testing of neonatal and adult 

bovine pericardium. Neonatal pericardium demonstrated a markedly higher 
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modulus of elasticity and a higher tensile strength than adult pericardium 

(Cunanan et al., 2012). 

Extending and supporting this concept further, myxomatous and healthy mitral 

valve leaflets from dogs have been reported to have different degrees of fibril 

orientation. Myxomatous tissue was found to become less aligned (Hadian et al., 

2007) which is a possible contributor to the diminished mechanical performance 

of this tissue although other changes are present too. 

Measured perpendicular, the OI for both the adult and neonatal tissue is very low. 

The tissues are therefore rather isotropic measured from this direction. This is a 

very useful property as it may enable material to be cut in any direction from the 

pericardium for use in heart valve leaflets with minimal differences in mechanical 

performance. 

The greater alignment in the plane of the tissue is thought to be the structural 

basis for the superior mechanical performance of glutaraldehyde fixed neonatal 

bovine pericardium.  A relationship between fibre alignment and tensile strength 

has been modelled previously. Strength was found to be due to the sum of the 

components of the fibrils that lie in the direction of force in addition to a 

component due to the other matrix materials (Bigi et al., 1981). This model has 

been applied to just the measured fibrous collagen, neglecting the contribution 

from other matrix components. A model orientation index is derived which will be 

called OI´ to distinguish it from the experimentally measured OI (Kronick and 

Sacks, 1991, Kronick and Buechler, 1986) (Equation. 1). 

OI´ = 

2 /2 4

0 0
2 /2

0 0

cos ( , )

( , )

F d d

F d d
   (equation 1) 

Where F(θ,ϕ) is the angular distribution function where θ and ϕ are orthogonal. 

This model has previously been applied to collagen orientation in leather 

produced from the skins of a selection of mammals. It was found to be valid across 

a wide range of strengths, i.e. greater than a factor of 5 (Sizeland et al., 2013). 



 

156 
 

Some of the apparent non-alignment of fibrils (resulting in a lower OI) could be 

due to crimp of the collagen fibrils and not only to the variation in whole fibril 

alignment. However this is not an important consideration in the materials 

studied. Crimp is observed in the light microscopy sections (Figure 8.5) and would 

contribute to a decrease in the OI in the direction of SAXS measurements taken 

edge on. In horse tendon crimp has been found to decrease with age 

(PattersonKane et al., 1997a), as does the tendon strength, and if there were no 

other changes to the alignment of collagen in the tendons this would result in an 

increase in OI with age. This is the opposite of what is observed for the OI change 

between the neonatal and the adult pericardium. Another consideration which 

leads us to believe crimp is not an important factor in the measurements reported 

here is that crimp is generally believed to be associated with strength (Caves et al., 

2010). Therefore if the OI measured edge on was only due to crimp this would 

suggest that the neonatal pericardium, which is stronger, has less crimp and this 

would contradict the accepted knowledge of the influence of crimp. However, if the 

differences in OI measured edge on between neonatal and adult pericardium are 

due to differences in alignment of the collagen fibrils then this relationship would 

be in agreement with previous studies on skin (treated to produce leather) where 

a high degree of alignment is correlated with high strength (and crimp is not 

present) (Sizeland et al., 2013, Basil-Jones et al., 2011).  

It is not known if these tissues of different age are affected differently by 

glutaraldehyde treatment. It has been observed that glutaraldehyde treatment 

lowers the OI of pericardium (Lee et al., 1989) and it is possible that the neonatal 

and adult pericardium are affected to a different extent. This possibility is 

currently being investigated (Sizeland et al., 2013, Basil-Jones et al., 2011).  

Changes in fibril diameter were not found to be responsible for differences in 

strength between neonatal and adult pericardium. This is a little surprising, as 

fibril diameter is generally believed to affect strength in tendons and age can result 

in different fibril diameter with typically older tissue having thicker fibrils. 

However, in tendons the collagen fibrils are more highly aligned than pericardium 

so perhaps there is less variation in alignment in tendons and therefore factors 

other than alignment dominate strength differences. On the other hand, in 
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pericardium (and leather) there is the possibility of significant variation in 

alignment and therefore alignment may be able to dominate the strength-structure 

relationship with fibril diameter a less important factor (Wells et al., 2013). 

The glutaraldehyde treated neonatal material had a greater modulus of elasticity 

and greater ultimate tensile strength than the glutaraldehyde treated adult 

material, and the neonatal material was significantly thinner. This suggests that 

there may be an advantage in the use of this material in applications such as heart 

valve leaflets for percutaneous delivery. A thinner tissue is able to be folded to be 

inserted in a much smaller sized catheter for aortic valve replacement. By using 

the thinner, but sufficiently strong, neonatal bovine pericardium, it could be 

possible to reduce the catheter diameter required for the insertion of the folded 

valve. This is an important consideration for many patients needing such 

intervention (Kroger et al., 2002, Chiam and Ruiz, 2008). 

What has not been determined is the relationship between the collagen fibril 

alignment in the glutaraldehyde fixed material and in the native material. 

Treatment of native tissue results in differences in strength, as shown here and 

elsewhere (Freytes et al., 2004). Cross linking of the collagen fibrils might be 

expected to have an effect on fibril alignment because the cross linking would 

place physical constraints on the fibrils. Therefore variation in the degree to which 

cross linking takes place in different tissues might result in a variable change in 

alignment. This is the subject of a study currently being undertaken. 

 

 

8.5 Conclusions 
 

It was found that the glutaraldehyde fixed neonatal tissue has a higher modulus of 

elasticity (83.7 MPa) than adult pericardium (33.5 MPa) and a higher normalised 

ultimate tensile strength (32.9 MPa) than adult pericardium (19.1 MPa). Measured 

edge on to the tissue, the collagen in neonatal pericardium is significantly more 

aligned (Orientation Index (OI) 0.78) than that in adult pericardium (OI 0.62). 
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It has been shown that glutaraldehyde fixed neonatal pericardium has a higher 

elastic modulus and ultimate tensile strength than adult pericardium. Using SAXS 

it has been shown that there are clear differences in the structure of collagen 

between neonatal and adult bovine pericardium. The alignment of the collagen in 

the plane of the tissue is greater in the neonatal pericardium. How this gives a 

structural understanding of the superior mechanical properties of that material 

has been described. These findings provide a basis for the potential advantages to 

using neonatal rather than adult bovine pericardium in heterografts. 
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Chapter 9: Conclusions 
 

This research set about elucidating how collagen networks in biomaterials react 

when different chemical and mechanical processes are applied. SAXS has provided 

the ideal platform for nanostructural analysis of the hierarchical structure of 

collagen both statically and when under tension. 

The structure of leather from different mammals has been investigated to develop 

a generalized understanding of structure–strength relationships in accordance 

with the first research aim. Leather from selected mammals has shown tear 

strengths are correlated with the collagen fibril orientation parallel to the surface 

of the leather. This has been explained as being due to the strength of the collagen 

fibrils in their longitudinal axis when suitably arranged to resist the tearing 

process. This clear demonstration of the structural relationship and consequent 

insight enables research into other tissues to be better targeted by applying a 

greater focus to the collagen alignment in plane. It is expected that this highly 

correlated structure–strength relationship extends to tissues other than those 

studied here.  

Concentrating on the second research aim, this work investigated the structural 

changes of collagen within leather upon addition of varying amounts of fat liquor. 

It has been shown that as the amount of fat liquor increased, the D-spacing of the 

collagen fibrils increased, and that this appears to be due to the lanolin component 

of the fat liquor. Alternative mechanisms for this increase in D-spacing have been 

discussed, including an increase in the gap region of a collagen fibril or an increase 

in the length of the tropocollagens. This work proves that fat liquor does more 

than lubricate fibres in leather in that it alters the structure of collagen fibrils. This 

research has shown that leather takes up strain on many levels of the hierarchical 

structure of collagen and that with the addition of fat liquor the ability of the 

material to stretch is increased. Lanolin, which was a key component of the fat 

liquor used here, is commonly used in skin care formulations and as such this 

knowledge may also apply to skin modified by skin care products. This work has 
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been able to provide more knowledge of the mechanism of action of fat liquor to 

the elasticity of leather to inform the leather making process.  

The leather manufacturing process has been shown to result in changes in OI. The 

changes have been proven not to be due to a fundamental redistribution of fibrils, 

but rather occur as the thickness and the water content change with an increased 

thickness and also an increased water content (independently of thickness) 

resulting in a decreased OI. This understanding may be useful for relating 

structural changes that occur during different stages of processing to the 

development of the final physical characteristics of leather and sheds light on the 

fourth objective of my research. For example, if fibril orientation is critical to 

strength in certain leathers, the structural relationship that should exist between 

the fresh skin and the final leather is now known and it is possible to seek to 

maintain this characteristic during processing or to modify it appropriately.  

Possible effects on the collagen structure when treated with compounds chosen 

because of their opposite effects on protein solubility were investigated as per my 

third research aim. SAXS analysis proved that the structure of collagen fibrils was 

indeed modified by treatment with urea, hydroxyproline, and lanolin. The change 

in D-spacing could have been caused by either a change in the triple alpha helix 

structure of the tropocollagens or by modifying the bonds between the 

tropocollagens.  Urea significantly reduced the OI of the skin and lengthened the 

collagen D-spacing. The D-spacing increase was predicted due to its negative 

impact on hydrophobic effects through the displacement of water. Lanolin had the 

opposite effect on the OI to urea but the same effect on D-spacing. Given that 

lanolin is a major component of most skin care formulations, understanding how it 

functions at a molecular level is important for the cosmetic industry. D-spacing 

increased for leather treated with proline and hydroxyproline. Further 

investigations of the mechanisms of modification of collagen in skin by urea, 

proline, hydroxyproline, lanolin, and by extension other organic compounds, may 

lead to a better understanding of existing skin formulations and their interaction 

with collagen. Hopefully this knowledge can be extended to the action of 

moisturisers and cosmetic products on living skin. 
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Pericardium has been investigated and it has been shown that neonatal 

pericardium has a higher elastic modulus and higher ultimate tensile strength than 

adult pericardium. This work highlights that there are clear differences in the 

structure of collagen between neonatal and adult bovine pericardium. The 

alignment of the collagen in the plane of the tissue is greater in the neonatal 

pericardium. It has been described how this gives a structural understanding of 

the superior mechanical properties of that material. These findings provide a basis 

for the potential advantages to using neonatal rather than adult bovine 

pericardium in heterografts for percutaneous heart valve replacements. 

This research has significantly contributed to the knowledge of the structure of 

collagen biomaterials. It has provided a greater understanding as to how collagen 

changes and reacts when subjected to different mechanical and chemical 

processes with direct implications in the leather industry. Future research is 

planned to determine the effect of different tanning agents used in the production 

of leather on the nanostructure of collagen. The distribution and penetration of 

these tanning agents will be explored. 
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ABSTRACT: Collagen is the main structural component of leather, skin, and some other applications such as medical scaffolds.
All of these materials have a mechanical function, so the manner in which collagen provides them with their strength is of
fundamental importance and was investigated here. This study shows that the tear strength of leather across seven species of
mammals depends on the degree to which collagen fibrils are aligned in the plane of the tissue. Tear-resistant material has the
fibrils contained within parallel planes with little crossover between the top and bottom surfaces. The fibril orientation is
observed using small-angle X-ray scattering in leather, produced from skin, with tear strengths (normalized for thickness) of 20−
110 N/mm. The orientation index, 0.420−0.633, is linearly related to tear strength such that greater alignment within the plane
of the tissue results in stronger material. The statistical confidence and diversity of animals suggest that this is a fundamental
determinant of strength in tissue. This insight is valuable in understanding the performance of leather and skin in biological and
industrial applications.

KEYWORDS: collagen, orientation, alignment, leather, strength, SAXS

■ INTRODUCTION

The strength of collagen materials is of crucial importance in
both medical and industrial contexts. Collagen is the main
structural component of skin,1 leather, and some medical
scaffolds.2 Medical conditions can arise when tissues do not
have the required mechanical strength, such as in aneurysms,3

cervical insufficiency,4 osteoarthritis,5 and damaged articular
cartilage.6 In addition, bone is a composite material in which the
structure of collagen is considered to be important for bone
toughness.7,8 Strength is also a requirement for collagen-based
medical materials such as extracellular matrix scaffolds2 and
processed pericardium for heart valve repair.9 Leather, which is
processed skin consisting mostly of collagen, is produced on a
large scale for shoes, clothing, and upholstery,10 with high
strength being a primary requirement for high-value applications.
Factors that have previously been considered as possibly

contributing to the strength of collagenous materials include the
amount of collagen present, the molecular structure of the
collagen (D-spacing, collagen type), the nature of the cross-
linking between collagen,11 collagen bundle size, and collagen
orientation. Of these, much attention has been given to collagen
orientation. Most collagen tissues are anisotropic, and it is
understood that this is a result of the nonuniform requirements
for mechanical performance and the consequence of the growth
in volume of the animal. Collagen orientation has therefore been
investigated in the cornea,12,13 heart valve tissue,14 pericar-
dium,15 bladder tissue,16 skin,17 and aorta.18

Crimp, the sinuous arrangement of fiber bundles, has been
associated with high strength in tendons19 as well as in heart
valves,20 with high crimp resulting in high strength. However, in
studies of skin (leather) of various strengths, crimp was not
observed.21

Collagen orientation has been measured by reflection
anisotropy,22 atomic force microscopy,23 small-angle light
scattering,24 confocal laser scattering,25 Raman polarization,26

anisotropic Raman scattering,27 multiphoton microscopy,28 and
small-angle X-ray scattering (SAXS).21,29,30

Our recent study of ovine and bovine leathers of differing
strengths21 found a statistically significant relationship between
tear strength and edge-on orientation, and we speculated that this
trend may be of a more general nature. We have now measured
fibril orientation in seven species of mammals to see if this
relationship is found more widely. We used SAXS at a modern
synchrotron facility, which allows analysis of a small area (250 ×
80 μm), and therefore easy measurement of fibril orientation
edge-on in tissues that are of limited thickness;21 such
measurements are difficult to make quantitatively by other
methods.

■ EXPERIMENTAL PROCEDURES
Skins were processed to produce leather by the following procedure.
After mechanical removal of adhering fat and flesh, conventional lime
sulfide paint, comprising 140 g/L sodium sulfide, 50 g/L hydrated lime,
and 23 g/L pre-gelled starch thickener, was applied to the flesh side of
the skin at 400 g/m2. The skin was incubated at 20 °C for 16 h and the
keratinaceous material manually removed. The skin was then washed to
remove the lime, and the pH was lowered to 8 with ammonium sulfate,
followed by the addition of 0.1% (w/v) Tanzyme (a commercial bate
enzyme). After 75 min at 35 °C, the treated skin was washed and then
pickled (20% w/v sodium chloride and 2% w/v sulfuric acid). Pickled
pelts were degreased (4% nonionic surfactant; Tetrapol LTN,
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Shamrock, New Zealand) at 35 °C for 90 min and then washed. The
skins were neutralized in 8% NaCl, 1% disodium phthalate solution
(40% active; FelidermDP, Clariant, UK), and 1% formic acid for 10min.
The running solution was then made up to 5% chrome sulfate
(Chromosal B, Lanxess, Germany) and processed for 30 min followed
by 0.6% magnesium oxide addition, based on the weight of the skins, to
fix the chrome, and processed overnight at 40 °C. These wet-blue pelts
were neutralized in 1% sodium formate and 0.15% sodium bicarbonate
for 1 h and then washed, followed by retanning with 2% synthetic
retanning agent (Tanicor PW, Clariant, Germany) and 3% vegetable
tanning (mimosa; Tanac, Brazil). Six percent mixed fatliquors were
added and the leathers maintained at 50 °C for 45 min, followed by
fixing with 0.5% formic acid for 30 min and washing in cold water.
Tear strengths were measured for all samples using standard

methods.31 Samples were cut from the leather at the official sampling
position (OSP).32 The samples were then conditioned at a constant
temperature and humidity (20 °C and 65% relative humidity) for 24 h
and then tested on an Instron 4467 (Figure 1).

Samples were prepared for SAXS analysis by cutting strips of leather
of 1 × 30 mm from the OSP.32 Each sample was mounted, without
tension, in the X-ray beam to obtain scattering patterns for two
orthogonal directions through the leather. For the edge-on analyses
measurements were made every 0.25 mm with the samples analyzed
from the grain to the corium. For when the beam was directed flat-on
(normal to) the surface of the leather, standard samples were cut parallel
to the surface, producing a grain sample and a corium sample. These
were mounted with the uncut face of the leather directed toward the X-
ray beam, and four measurements were made per sample, in a
rectangular grid. Diffraction patterns were recorded on the Australian
Synchrotron SAXS/WAXS beamline, using a high-intensity undulator
source. Energy resolution of 10−4 was obtained from a cryocooled
Si(111) double-crystal monochromator, and the beam size (fwhm
focused at the sample) was 250 × 80 μm, with a total photon flux of
about 2 × 1012 ph/s. Diffraction patterns were recorded with an X-ray
energy of 8 keV using a Pilatus 1 M detector with an active area of 170 ×
170 mm and a sample-to-detector distance of 3371 mm. Exposure time

for the diffraction patterns was 1 s, and data processing was carried out
using SAXS15ID software.33

The orientation index (OI) is defined as (90°−OA)/90°, where OA
is the minimum azimuthal angle range, centered at 180°, that contains
50% of the microfibrils.34,35 OI provides a measure of the spread of
microfibril orientation. In the limit, an OI approaching 1 indicates that
the microfibrils are parallel to each other and the leather surface, whereas
an OI of 0 indicates the microfibrils are randomly oriented. We have
calculated the OI from the spread in azimuthal angle of the D-spacing
peak, which occurs at around 0.059−0.060 Å−1. Each OI value presented
here represents the average of 14−36 measurements of one sample. For
edge-on mounted samples these measurements were taken at 0.25 mm
intervals from the corium to the grain so that the whole thickness of the
sample was covered. For flat-on measurements these were taken on a
number of points in a grid pattern. For the sheep and cattle samples the
averages are derived from 228, 249, and 167 measurements from 15, 14,
and 10 samples, respectively, and have been reported previously.21

It is not necessary that the samples are highly representative of the
particular animal species for general strength−structure relationships to
be studied; that there is a range of skins with different strengths is
important, although the observed strengths for each species are within
industry norms.

The D-spacing was determined for each pattern by taking the central
position of several of the collagen peaks, dividing these by the peak order
(usually from n = 5 to n = 10), and averaging the resulting values.

■ RESULTS
The SAXS patterns display rings representing the collagen fibril
repeating structure (Figure 2a). The integrated intensity of the
whole pattern enables the position of these peaks to be clearly
identified (Figure 2b), and from these the D-spacing is

Figure 1. Tear test on a leather sample: (a) at start of test; (b) part way
through test.

Figure 2. SAXS analysis of leather: (a) raw SAXS pattern; (b) integrated
intensity of a whole pattern.
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determined. The D-spacing varied from 0.628 to 0.653 nm
(Figure 3), but there is no significant correlation between D-
spacing and strength.

For any of the rings visible in the SAXS pattern, which
correspond to a peak in the meridional angle, the variation in
intensity with azimuthal angle can be plotted (Figure 4), which
gives a quantitative measure of fibril orientation, represented
here as an OI.

There is a large difference in OI between the measurements
taken normal to the leather surface and measurements taken
edge-on to the leather. The OI normal to the surface is in the
range 0.18−0.35, with the exception of horse leather (Figure 5a),
whereas for the edge-on measurements the range is 0.41−0.63
(Figure 5b). Therefore, the major component of fibril alignment
is planar.
We find that there is a strong correlation between tear strength

and OI (Table 1; Figure 5b) for the edge-on measurements, with
a least-squares fitted slope of 0.0024 mm/N (n = 8, r2 = 0.98, P <
0.0001). This is a remarkably good correlation. Edge-on analysis
provides ameasure of fibril orientation not frequently accessed. It
conveys the degree to which the collagen fibrils are organized in
parallel planes as opposed to crossing between the top and
bottom surfaces of the skin.
For themeasurements on the flat, if we exclude horse leather as

an outlier, then there is little correlation between tear strength
and OI (Figure 5a) with a least-squares fitted slope of 0.0003
mm/N (n = 7, r2 = 0.06, P = 0.60), suggesting the slight

possibility of a negative correlation. This is the more widely used
direction of analysis for collagen fibril orientation measurements.

■ DISCUSSION
D-Spacing. The D-spacing of collagen is known to vary with

age,36 but it has not, to the knowledge of the authors, been linked
with mechanical strength. We also do not find a link with
strength, therefore supporting the current understanding,
although we find a large variation in D-spacing across a large
range of strength (Figure 3).

Orientation and Strength. Collagen orientation shows a
strong correlation with tear strength when measured edge-on,
and this relationship is represented in part by existing models. A
relationship between fiber alignment and tensile strength has

Figure 3.Collagen D-spacing and tear strength for leather from different
animals.

Figure 4. Azimuthal variation in intensity at one value of Q (one
collagen peak).

Figure 5. Collagen fibril orientation and tear strength for leather from
different animals: (a) measured flat-on; (b) measured edge-on.

Table 1. Leather Tear Strength Compared with Orientation
Index (OI) of Collagen Fibrilsa

animal

tear strength
normalized
for thickness
(N/mm)

OI measured
edge-on
(average
through
thickness)

sheep (selected weak) Ovis aries 20 0.420

possum Trichosurus vulpecula 21 0.408

sheep (selected strong) Ovis aries 40 0.460

cattle Bos primigenius taurus 63 0.490

goat Capra aegagrus hircus 70 0.509

water buffalo Bubalus bubalis 102 0.595

deer Cervus elaphus 108 0.630

horse Equus ferus caballus 108 0.633
aOI values are the average taken across the thickness of one sample
(about 5−10 points) except for sheep and cattle, where these are an
average of 6−10 leather samples with 5−10 analysis points for each.
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been modeled previously, where strength is due to the sum of the
components of the fibrils that lie in the direction of force in
addition to a component due to the other matrix materials.37

This relationship is represented by eq 1

∫ ∫ θ θ ϕ= θ ϕ + −
π π

E E v F v Ecos ( , ) d d (1 )z f f
0

2

0

/2
4

f m

(1)

where Ez is the composite Young’s modulus of the material in
direction z, Ef and Em are the Young’s moduli of the fibers and
matrix, respectively, vf is the volume fraction of the fibers, and
F(θ,ϕ) is the angular distribution function, where θ and ϕ are
orthogonal.
This model has been applied to just the measured fibrous

collagen, neglecting the contribution from matrix materials, to
give an OI, which here we will call OI′ to distinguish it from the
differently formulated OI29,38 (eq 2).
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OI, calculated here from the angle range representing half of
the fibrils, can be converted to the integral of cos4θ by numerical
methods (where we assume a Gaussian form to the intensity
distribution). The OI data plotted for the two orthogonal
directions shown in Figure 5 can then be represented as OI′,
where, if the model described above is applicable to this system, it
should be proportional to the tensile strength. This results in a
plot that also correlates with the tear strength data; however, the
correlation is poorer than that obtained with the edge-on OI
measurements (Figure 6). The fit that includes all data is

reasonable (n = 8, r2 = 0.55, P = 0.06), and this fit improves if the
horse data point is removed (n = 7, r2 = 0.82, P = 0.02). We do
not know why horse leather should be an outlier, and this may
warrant further investigation. These compare unfavorably with
the r2 of 0.98 for just the OI data edge-on. The reason that this
three-dimensional model is a poorer fit than that of the edge-on
OI data is considered below.

Alignment and Tear Strength: A More Complex
Relationship. Tear strength and tensile strength are related
but not identical measures of strength, and it is important to
understand the difference between these two measures to be able
to relate the model in ref 37 to the tear strength. The basic
assumption of the model outlined in ref 37 is that the strength of
collagen is along the axis of the fibrils themselves and that the
total strength is the simple sum of these fibrils in the direction of
tensile force. This is a good model for tensile strength; however,
the more useful measure of strength for practical applications of
leather is the tear strength, and this does not directly correlate
with tensile strength. Tear strength is perhaps analogous to
“toughness” in materials.
The ability of leather to resist tear also depends to some extent

on the strength perpendicular to the fibril axis, which depends on
the strength of the cross-links11 or the degree of entanglement,
and that strength will be less than the strength of the collagen
fibrils. However, this appears to be of rather secondary
importance compared with fibril alignment. The main
component of tear strength for the work presented here is
seen to be related to the planar alignment of collagen fibrils. Fibril
alignment in the plane has a very strong correlation with tear
strength. When the fibrils are not aligned in the plane but instead
are perpendicular to the plane (Figure 7a), then any tearing force
will need to just separate fibers, pulling in the weakest direction.
This arrangement is known as vertical fiber defect and occurs
sometimes in Hereford cattle.38,39 No samples of this type were
included in this study.
When the fibrils are rather anisotropic in alignment when

measured edge-on (Figure 7b), then the tear strength is likely to
be greater than would be found in the vertical fiber defect
structure because now there are fibrils running in the direction of
the applied force, and maximum strength is obtained when there
is a high degree of alignment in this plane (Figure 7c). This trend,
depicted in Figure 7 from image a to image c, is what we observe
for SAXS measurements over a factor of nearly 5 in strength
(Figure 7b), which is a much larger range than has been reported
by any other studies.
The reason tear strength does not directly relate to collagen

alignment considered in three dimensions (as in eqs 1 and 2) is
that tearing is associated with point stresses. To prevent tearing,
these point stresses must be resisted. Tearing is used as the
industry standard for leather strength because it relates more
closely with actual in-service performance than tensile strength.
When the tearing process is viewed (Figure 1), looking flat onto

Figure 6.Three-dimensional modeled OI′ based on normalized integral
of cos4θ.

Figure 7. Relationship between collagen orientation index (OI) and strength of skin. OI measured edge-on with orientation that results in leather that is
(a) very weak (vertical fiber defect), (b) medium strength (low OI), or (c) strong (high OI). Arrow indicates direction of applied stress in tear
measurements.
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the leather, the points where the tearing will occur are at the two
ends of the linear cut hole. The fibers that run at right angles to
the two edges to the hole (viewed on the flat) resist the tearing
process (Figure 8a). However, if all of the fibers run in this
direction, then strength may be low due to failure along shear
lines (Figure 8b). Therefore, it might be expected that the
optimum strength will be associated with a fiber arrangement
somewhere between these two extremes, with skin that has a low
OImeasured in this direction (Figure 8c). Hence, this correlation
is one where OI is inversely related to strength, which is what is
weakly observed for these leathers (Figure 5a).
Therefore the existing model for strength, where strength

depends on the degree of fibril orientation in the direction of
stress considering the three-dimensional structure, does not
provide an optimal description of the behavior of these materials.
It does not take into account the fact that, in practice, a tearing
process will follow the weakest part of the structure. The
consequence of this is that the direction of the tear front is not
well-defined and a degree of anisotropy when viewed flat-on is
preferable. The anisotropy, as viewed flat-on, enhances the ability
to resist point stresses.
These simplified sketches illustrate the mechanism behind the

structure−strength relationship that has been measured for the
range of animal skins reported here. What is remarkable is that
the relationship between tear strength and edge-on orientation is
so quantitative. The strength range across which this relationship
holds is much greater than has previously been demonstrated.
The correlation also extends across a wide range of mammals.
There is additional information contained in the SAXS

patterns that we have not yet analyzed such as the collagen
bundle size, which is contained in the lowQ region of the pattern.
We intend to address this in future work. We are also extending
the study to a range of animals from other classes and to other
tissue types. We hope, through this work, to build a more
complete picture of the structural arrangement of collagen
materials and the way in which nature constructs these materials
for different applications to provide optimum function. We hope
this will lead to an enhanced understanding of the basis of the
hierarchical structure of skin and the reasons for the variations
between skin from different positions on one animal, between
skin of different species, animal classes, and different tissue types.
From this study we have found a structural motif that is clearly of
primary importance in mammals, but we have not yet
demonstrated the generalization of this structural motif to
other classes or other tissues.

The work is also being extended to develop an understanding
of the changes to the collagen fibrils that take place during the
processing of leather. Processing can affect the collagen structure,
including both the D-period and the fibril orientation. To
understand leather as an industrial material, it is desirable to
understand the structural changes that take place as a result of
chemical and physical treatments from skin to finished product.
In summary, we have investigated the structure of leather from

different mammals to attempt to develop a generalized
understanding of structure−strength relationships. We have
shown that the tear strength of leather is correlated with collagen
fibril orientation parallel to the surface of the leather over a large
(factor of 5) range of strengths across seven species of mammals.
This has been explained as being due to the strength of the
collagen fibrils in their longitudinal axis when suitably arranged to
resist the tearing process. This clear demonstration of the
structural relationship and consequent insight enables research
into other tissues to be better targeted by applying a greater focus
to the collagen alignment in plane. We expect that this highly
correlated structure−strength relationship extends to tissues
other than those studied here.
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ABSTRACT: Disposal of chrome-tanned leather waste provides an
environmental challenge, with land-based methods risking leaching of
chromium into the environment. We investigate the production of
biochar from leather as an alternative means to dispose of leather
waste. Chrome-tanned leather is heated at 500−1000 °C in an
environment excluding oxygen to form biochar. The char is leached in
1 M HCl for 15 h, and the leachate is analyzed for Cr to confirm that
Cr does not leach from char formed at or above 600 °C. The char is
analyzed by X-ray absorption spectroscopy (XAS) for chemical state
and structure. X-ray absorption near edge structure (XANES) analysis
shows that the leather and biochar contain Cr as a mixture of Cr
sulfate and Cr carbide, with the proportion of Cr as carbide increasing
from 0% for untreated leather to 88% for char formed at 1000 °C.
Modeling of the extended X-ray absorption fine structure (EXAFS)
spectra shows that the atomic near-range structure is consistent with that of chromium carbide for the high-temperature samples.
Biochar produced from chrome-tanned leather waste contains highly dispersed chromium present as a stable, carbide-like
structure (provided sufficiently high temperatures are used). This material, rather than being an environmental problem, may be
used for soil remediation and carbon sequestration.

KEYWORDS: Chromium, Biochar, Leather, XAS, Contaminant, Environment

■ INTRODUCTION

Most leather is produced from skins and hides by tanning with
chromium salts, normally Cr2(SO4)3·xH2O. Leather is used in
upholstery (car and home), shoes, and clothing, but at the end
of the life of these goods, the leather needs to be disposed of in
an environmentally benign manner. Leather manufacture and
production of goods from leather also produce leather scrap
which requires disposal. Annual global leather production is
about 6.8 million tonnes,1 around 80% of which is chrome-
tanned.
The main concern in the disposal of leather to landfills is the

leaching from leather of Cr. Soluble Cr in a hexavalent
oxidation state is considered to be undesirable in the
environment,2,3 and sites where Cr(VI) is present can require
remediation.4

Current and proposed leather disposal methods include:
extraction of Cr before disposal;5−7 disposal to wetlands for
vegetation to absorb the Cr;8 production of other reconstituted
structural materials to bind the Cr in new products;9,10 and
heating leather in an oxidizing environment to create a residue
with soluble Cr.11,12 Cr contained in or on particulates from the
burning of coal and biomass (in the presence of oxygen) can
produce Cr(VI).13 Therefore, it is possible that burning leather
may also generate Cr(VI), which is undesirable.

It has been proposed that the production of biochar,
carbonized organic matter, from waste leather may be a better
alternative to other disposal methods.14 Biochar is produced by
heating organic matter in an oxygen deficient environment. The
application of leather biochar is a method of sequestering
carbon, thereby reducing the amount of carbon that may have
otherwise become atmospheric CO2. Biochar also has the
demonstrated benefit of improving agricultural soil productiv-
ity.15 Carbonized leather has previously been considered as a
disposal option, with the suggestion of producing an activated
carbon product for filtration applications.16−18

Ideally, a leather biochar product could be produced that
does not leach Cr. Exposing leather that has been “heat
stablized” in a nonoxidizing environment to leaching indicates
that the material has a low solubility of Cr. Specifically, when
leather was stablized at 350 °C or higher in a CO2 environment,
no soluble Cr was detected over a wide pH range in contrast to
untreated, chrome-tanned leather.16 It is also important that the
Cr is resistant to oxidation, since both Cr oxidation and
reduction between the Cr(III) and Cr(VI) couple19 can occur
in soils, depending on the nature and condition of the soils and
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other factors that control the redox environment. This has led
to interest in the analysis of soils for the type of Cr
contamination present.20,21

The chemical nature of Cr in leather has been characterized:
Cr sulfate is used during tanning, and Cr bonds to the leather’s
collagen22,23 and is well dispersed. However, the form of Cr
present in biochar is unknown, as are its stability and
dispersion. In an earlier study of the leaching of leather after
heat treatment in a nonoxidizing environment, the chemical
state of the Cr was not determined.16

The purpose of the work reported here is to investigate the
speciation and structure of the Cr in biochar produced from
chrome-tanned leather as a function of the heating conditions.
It is intended to confirm the earlier reports of decreased
solubility of Cr from leather heated in a nonoxidizing
environment and determine that the samples being studied
here for Cr speciation do in fact exhibit low Cr solubility.
Developing an understanding of the nature of entrapment of Cr
in leather biochar may enable a prediction of the likely stability
of the Cr in the char in the longer term. For the determination
of the chemical speciation and structure of Cr, X-ray absorption
spectroscopy (XAS) is used and is known to exhibit obvious
spectral differences for different oxidation states and chemical
environments.

■ EXPERIMENTAL SECTION
Leather. Standard, commercial chrome-tanned bovine leather was

used for all experiments. Raw hides were stripped of hair at 25 °C
using 2% w/v sodium hydrosulfide (72% active), 1% w/v sodium
sulfide (60% active), 1% hydrated lime, and 0.5% thioglycollic acid
(60% active) for 3 h. Next the hides were limed by treating at 28 °C
with a solution containing 2% w/v hydrated lime, 1% sodium sulfide
(60% active) 0.5% surfactant (nonyl-phenol ethoxylate) for 2 h. Bating
followed by treatment with 0.04% (w/w based on hide weight)
pancreatic trypsin, followed by tanning with basic Cr sulfate
(Cr2(SO4)3·xH2O), then retanning with synthetic tannin (Tanicor
PW, Clariant), and tara vegetable tannin (Granofin TA, Clariant),
followed finally by fatliquoring with a blend of sulfated natural fats.
Pyrolysis Process. The biochar was produced from leather by

pyrolysis. The crust leather was stored under ambient conditions prior
to pyrolysis. Two pyrolysis reactors were used: a larger unit with no
purge gas for the lower-temperature samples (up to 600 °C) and a
smaller unit with the sample held under argon for higher-temperature
samples (600−1000 °C).
For the larger, lower-temperature reactor, 100 g of leather was

placed in a 1 L high-temperature 304 grade stainless-steel reactor. The
reactor lid was sealed with a thin layer of potters’ clay, and the reactor
was flushed with 5 volumes of nitrogen (99.999% pure). The lid
contains a nonreturn valve. The reactor was placed in a furnace and
heated from ambient to the desired temperature over 1 h, held for 1 h
at temperature, and cooled to 100 °C over 3 h before being opened.
No control over the atmosphere in the reactor vessel was attempted
other than the provision of the nonreturn valve (which resulted in a
partial vacuum inside the vessel after cooling).
For the smaller, higher-temperature reactor, 4 g of leather was

placed in a 25 mL 304 grade stainless-steel reactor through which a
continuous flow of 0.2 L/min argon was passed. The furnace was
heated from ambient to the desired temperature and held for 1 h
before being rapidly cooled to below 100 °C, at which point the
sample was removed; Ar flow was maintained continuously. Three
high temperatures were tested, with the following heating and cooling
times: heated to 1000 °C over 60 min, held for 60 min, cooled 25 min;
heated to 800 °C over 35 min, held for 60 min, cooled 20 min; heated
to 600 °C over 50 min, held for 60 min, cooled 5 min. A visual
inspection suggested that there was no direct transfer of corrosion
product from the stainless steel to the leather char.

Total Chromium Content of Leather and Char. The Cr
content of the char and leather samples was measured using a standard
industry test method.24 The leather or char is first ashed in air. The
residue is then treated with an oxidizing acid (a mixture of 75% v/v
perchloric acid (60%, 25% sulfuric acid (98%)) to convert the Cr to
hexavalent Cr. The hexavalent Cr is then reduced back to trivalent Cr
using iodine in excess and the excess iodine is back-titrated with
potassium thiosulfate. All Cr content is represented as weight percent
of Cr, regardless of the chemical form.

Leaching of Chromium. Leachable chromium was measured with
duplicate samples of char (5 g) leached in 100 mL of 1 M HCl while
shaken for 15 h at room temperature. The char material produced was
finely ground prior to leaching. The Cr content of the aqueous HCl
leachate was then assessed in duplicate with a Varian 220 SpectrAA
using a standard industry test method.25

XAS Measurements. X-ray absorption spectra were recorded on
the XAS beamline at the Australian Synchrotron, Victoria, Australia. Cr
K edge absorption spectra were recorded in transmission mode using a
set of flow-through ion chambers supplied with He. The energy was
controlled using a fixed exit Si(111) double crystal monochromator.
The beam was conditioned using a collimating mirror (Si) and a
toroidal focusing mirror (Rh coated). Higher harmonics were rejected
using these two mirrors and a flat harmonic rejection mirror (SiO2).
For XAS scans, energy steps of 0.25 eV were employed in the XANES
region using 1 s count per step while a step size of 0.035 Å−1 was used
in the EXAFS region to 14 Å−1 with count times up of 6 s per step.
The energy resolution was about 1 eV, and the photon flux was in the
range 1011 to 1012 photons s−1. The X-ray beam was about 1.5 × 0.4
mm2 at the sample. The energy scale was calibrated by simultaneously
measuring a Cr foil placed between two downstream ion chambers.
Samples were packed in 1 mm thick poly(methyl methacrylate) sample
holders. Reference standards were Cr2O3 (Prolab), Cr2(SO4)3·xH2O
(BDH), Cr2(SO4)3·xH2O (Chromosal B, Lanxess, Germany), Cr-
(CO)6 (BDH), Cr3C2 (Aldrich), and Cr(O2C5H7)3 (Aldrich) all
diluted with boron nitride (Aldrich). Data processing was performed
with ATHENA26 and VIPER.27

■ RESULTS AND DISCUSSION

Biochar Formation. Heating leather under a stream of Ar
in the small reactor, or in a larger closed vessel with a pressure
release valve, resulted in well-formed char that retained the
general shape of the leather feedstock, albeit at a smaller size.
Weight loss (from ambient moisture) increased with heating
temperature, with 62% weight loss being recorded at 300 °C,
73% at 600 °C, 76% at 800 °C, and 79% at 1000 °C. In the
small reactor there was a hint of green color (perhaps Cr2O3)
on the edge of some char that had formed near the outlet of the
reactor suggesting that there was some ingress of oxygen near
the outlet. These parts of the sample were not used in the
analysis because it is believed they are not representative of the
sample and they would not form in a larger scale reactor with
better environmental control

Leachable Cr. It was found that a small amount of Cr can
be leached from leather that has not been heat treated (Table
1), as has been reported previously.16 After heating of the
leather, the leachability of Cr diminishes. At 600 °C where the
leather is clearly char very little leaching of Cr could be
detected (Table 1). In an earlier leaching study it was found
that at 350 °C the Cr was no longer able to be leached from the
heated leather.16 It was therefore sought to understand why Cr
has much lower solubility from the charred leather.

XANES. X-ray absorption near edge structure (XANES) is a
spectroscopic technique that is element specific and is local
bonding sensitive. The technique requires irradiating a sample
of interest with X-rays across a range of energy that includes an
absorption edge. An inspection of the features of the spectrum
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provides information on the bonding of the element of interest.
XANES is most often used in a comparative study between
spectra of known standards and unknown samples.
Beam Damage. Alteration to the state of Cr is possible in

an intense, focused X-ray beam. The likelihood of this was
investigated by doing multiple scans on the same spot of a
representative sample and observing differences in the XANES
spectra (total collection time up to 2 h). From these
measurements it was determined that beam damage is
negligible under the conditions that the samples are measured.
XANES of Reference Compounds. In the range of

reference compounds for which XAS spectra were collected, it
is apparent that there are strong differences in all parts of the
spectra including the pre-edge region, the edge energy and the
postedge region (Figure 1). It was not possible in this instance

to analyze any Cr(VI) reference compounds; however,
reference spectra are available in the literature20,28,29 and
always show a strong signature pre-edge feature and a large
edge shift.
XANES Edge Position and Cr Oxidation State. The

energy position of the absorption edge is very sensitive to the
oxidation state of the Cr atom that is excited.28,30 The Cr in
Cr3C2 is seen to have an effective oxidation state similar to that
of Cr metal (Figure 1), and the charge on the Cr in Cr3C2 is
calculated to be +0.33.31 One can be confident that there is no
Cr(VI) in any of the samples because Cr(VI) has a distinct and
sharp pre-edge feature at around 5993.0 eV.28,29 The feature
arises from nonlocal dipole transitions in Cr(VI) compounds,
which are tetrahedrally coordinated.32−34 None of the samples
showed this pre-edge feature.

XANES of Leather. The XANES spectrum of dried chrome
leather is very similar to that of Cr2(SO4)3·xH2O (Figure 2).

This is the salt that is used in chrome tanning, so clearly some
structural aspects of this salt are retained in the tanned leather.
Detailed studies on this subject have been reported
previously.22,23

XANES of Biochar. With heating, changes in leather’s
XANES spectra are observed from 600 °C, with significant
differences with each 200 °C increase to the experimental
maximum (Figure 3). The spectrum of the sample heated to
600 °C in the larger vessel appears to be equivalent to that of a
sample heated to a lower temperature in the small scale vessel.
With heating, a pre-edge peak of 5993.4 eV appears and it
increases in intensity after higher temperature treatment. The
pre-edge peak that forms in the samples at 600 and 800 °C is in
the same position as the peak from the Cr3C2 standard but is
sharper and is not a good match to the shape of the Cr carbide
pre-edge peak (or that of any of the standards) and may reflect
a different structure to any of the standards. After treatment at
1000 °C, this peak broadens and begins to look more like the
Cr carbide pre-edge feature.
A shift in the absorption edge to a lower energy after heating

becomes apparent from 800 °C, with a shift of 0.8 eV, and with
a further shift apparent at 1000 °C, yielding a total shift of 1.5
eV from the dry leather or chromium sulfate spectrum. The
shape of the postedge spectrum changes consistently with
heating.

XANES Linear Fits for Biochar. Using the Athena
software,26 linear combination fitting to normalized χμ(E)
and to k3χ(k) were performed. Unconstrained linear combina-
tion fitting was attempted using the spectra for Cr2(SO4)3·
xH2O, Cr metal, Cr2O3, and Cr3C2 (Figure 4). Dry leather is
substituted as a proxy for the Cr2(SO4)3·xH2O spectrum since
Cr2(SO4)3·xH2O is the tanning agent used in chrome-tanned
leather and the Cr is well dispersed in leather and therefore
gave a better XAS at high k than the ground pure compound
mixed with BN. The dry leather better reflects the highly
dispersed nature of the Cr. The fit range used was 40 eV below
to 70 eV above E0. Best fits were obtained using only two
components, dry leather (or Cr2(SO4)3·xH2O) and Cr3C2
(Figure 5). With an unconstrained fit also containing an initial
component of Cr metal or Cr2O3, these components do not
contribute to the fit. As the treatment temperature increases,
the amount of carbide increases. The calculated proportions of

Table 1. Initial Chromium Content and Leachable
Chromium of Leather and of Biochar Samples Produced
under Various Heat Treatments

sample initial % Cr (SD) leachable Cr, as % of initial Cr

leather 0.99 (0.01) 4.67
300 °Ca 2.60 (0.02) 3.50
600 °Ca 7.39 (0.04) 0.31
600 °Cb 11.8 (0.8) 0.08
800 °Cb 12.5 (0.1) 0.06
1000 °Cb 15.4 (0.1) 0.03

aLarger reaction vessel. bFinely ground, from small reaction vessel.

Figure 1. XAS of standards. Cr metal (solid line), Cr3C2 (dashed line),
Cr(O2C5H7)3 (dotted line), Cr2O3 (grey solid line), CrCO6 (grey
dashed line), Cr2(SO4)3 (grey dotted line).

Figure 2. XANES of conditioned chrome tanned leather (solid line)
and Cr2(SO4)3·xH2O (grey solid line).
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carbide and Cr sulfate (represented as the dry leather
spectrum) are listed in Table 2. Fitting to the k3χ(k) spectra
gives similar proportions of Cr3C2 and Cr2(SO4)3·xH2O, as
does fitting to the energy spectra.
Chromium Carbide Formation. Thermodynamic consid-

erations suggest that, under high carbon activity and low
oxygen activity (as in char formation), Cr metal or Cr carbide
may form.35,36 This occurs at log PO2 (bar) below about −16,
with the carbides formed at log aC (carbon activity) above
about −2.8 (Cr metal forms at lower aC).

35 In contrast, during
oxy-fuel combustion of coal, Cr(III) in the form of Cr silicate
and iron chromite are the dominant species.37,38 It is not
known exactly what conditions prevail in the char formation in
the reaction vessels; however, it is expected that PO2 is low and
aC is high, and therefore, it is not surprising that Cr carbide is
found in the samples.
Fine atmospheric particulates containing Cr, supposed to be

from natural and industrial sources, have been found to contain
both Cr0 and Cr carbide using XANES,39 which demonstrates
that Cr carbides are not uncommon in the environment.
It has been reported that carbothermal reduction by pitch of

various transition metal oxides, including Cr oxide, forms
carbides.40 In a N2 atmosphere or an ammonia atmosphere,
nitrides may also be formed for most of the metal oxides
studied in that report, with the exception of Cr, which did not

form nitrides, only carbide.40 These studies indicate that leather
biochar is likely to contain Cr carbide, and not Cr nitride, even
if the biochar is formed in the presence of nitrogen. The
XANES shows that the Cr changes from the initial, dispersed
Cr sulfate to some possibly intermediate compound (which
may be a form of carbide) to form a Cr carbide at 1000 °C not
dissimilar to Cr3C2.

EXAFS of Biochar for Structural Information. Informa-
tion about the structural environment of the Cr in the leather
biochar is obtained from an analysis of the EXAFS range of the
data acquired. Data were processed using VIPER,27 and a
Hanning window applied to the Fourier transforms. Theoretical
ab initio EXAFS spectra for pairs of atoms were calculated using
FEFF6L,41 with crystal structures from the ATOMS database
(Center for Advanced Radiation Sources, University of
Chicago). Modeling in k space of the experimental spectra
(from selected regions of the Fourier transform) using
combinations of EXAFS spectra for these atom pairs was
then performed with VIPER.27 To validate the modeling of the
EXAFS data, the spectrum of Cr2O3 was used, which is a
crystalline material with a relatively simpler structure than
Cr3C2. The resultant bond lengths are consistent with the
crystallographic structure, validating the EXAFS data and fitting
and enabling the analysis of the more complex biochar, which
XANES has shown to contain a mixture of Cr3C2 and other
components.

Chromium Carbide. To interpret the EXAFS of the
biochar, it is helpful to refer to the literature on EXAFS of Cr
carbide. A detailed study of the electronic structure of Cr
carbides31 notes that crystalline Cr3C2 belongs to the space
group pnma, with lattice parameters a = 5.485 Å, b = 2.789 Å,
and c = 11.474 Å. Common phases that may form in Cr-based
coatings include Cr3C2, Cr7C3, and Cr23C6. Based on the
enthalpies of formation, Cr3C2 is the most stable of the Cr
carbide phases, followed by Cr7C3, with Cr23C6 and Cr3C equal
third.31 The bonding is described as a combination of metallic,
ionic and covalent, in character with a strong proportion of
metallic character (e.g., metallicity for Cr3C2 is estimated at
15% and is higher for the other Cr carbides). The charge on Cr
of Cr3C2 is calculated to be Cr+0.33.31 Bond lengths in these
compounds31 and in Cr3C2 and Cr doped diamond-like carbon
(DLC) films obtained from EXAFS42 are detailed in Table 3.
The bond distances measured in the leather biochar are

Figure 3. XANES of leather and leather biochar heated to different temperatures. Leather standard (grey solid line); heated in the large vessel at 500
°C (dashed line) or 600 °C (solid line); heated in the small vessel at 600 °C (grey dotted line), 800 °C (grey dashed line), or 1000 °C (dotted line).
(a) XANES region. (b) Expanded pre-edge region.

Figure 4. XANES of standards tested for linear combination fit.
Cr2(SO4)3 (grey solid line), Cr3C2 (dashed line), Cr metal (solid line),
Cr2O3 (grey dashed line).
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therefore similar to those reported for Cr carbide reported in
the literature and to one crystalline compound measured here.

EXAFS of Biochar. There are numerous different atom−
atom scattering path lengths in Cr carbide, some of which are
quite similar in size. The char formed at 600 °C is too complex
a mixture to enable reliable modeling of the EXAFS spectrum.
However, the EXAFS spectra of the biochar prepared at 800
and 1000 °C can be fitted with one grouped Cr−C atom pair
sets and two grouped Cr−Cr atom pair sets, representing
similar atom−atom distances in each group (Figure 6). From
the fits, the bond distances shown in Table 4 are obtained.
These bond distances are similar to those reported for Cr
carbide compounds as listed in Table 3. This EXAFS analysis
supports the XANES interpretation and confirms that Cr
carbide is formed at higher temperatures.

Stability in the Soil Environment. While it has been
found that using acid to produce biochar leachate does not
remove Cr from the biochar, long-term stability tests of the
material in soil environments were not performed. These would
be desirable to ensure the safety of the material for use in
agricultural settings. As noted above, oxidation or reduction of

Figure 5. XANES linear combination fit of biochar prepared at (a) 500 °C; (b) 600 °C; (c) 800 °C; and (d) 1000 °C. Cr3C2 (grey dashed line), dry
leather (dashed line), data (grey solid line), fit (solid line).

Table 2. Chemical Components of Linear Combination
Fitting to the XAS Energy Spectruma

Cr2(SO4)3·xH2O
(mol % Cr)

Cr3C2 (mol %
Cr)

R factor
(× 10−4), χ2

biochar
500 °Cb

93 7 1.7, 0.027

biochar
600 °Cb

77 23 3.4, 0.051

biochar
600 °C

59 41 5.6, 0.081

biochar
800 °C

35 65 5.8, 0.081

biochar
1000 °C

12 88 2.2, 0.031

aUncertainty in mole percent Cr in Cr2(SO4)3·xH2O and Cr3C2 is
around ±5%. bLarger reaction vessel.

Table 3. Bond Lengths in Cr Carbide Compounds Reported from EXAFS in References 31 and 42

compound radial distribution peak Cr−C (Å) radial distribution peak Cr−Cr (Å) source

Cr3C 2.12 2.58 31
Cr3C2 2.11 2.63 31
Cr7C3 2.14 2.58 31
Cr23C6 2.10 2.56 31
Cr3C2 2.2 2.7 42
Cr−DLC 2.17−2.25 2.75−2.79 42
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some Cr compounds can occur in soils, depending on redox
environment of the soil19 and also such oxidation can be
facilitated by bacterial action.43 However, Cr carbide is a very
stable material, and is resistant to oxidation or reduction.44 The
charcoal or biochar matrix within which the Cr is contained is
also know to be very stable in soils.45 The addition of charcoal
to soil enhances the agricultural productivity of the soil, for
example in the traditional terra preta soils from South
America46 but also in more recent studies of soil productivity.15

■ CONCLUSIONS
It has been shown that there may be an environmental benefit
in making biochar from chrome-tanned leather waste. The char
does not release Cr with acid leaching, unlike untreated leather.
It has also been shown that the Cr becomes chemically reduced
by a carbothermic reaction on charring at high temperatures
forming Cr carbide. Cr carbide is an inherently stable
compound and its stability is further enhanced by being highly
dispersed in a stable carbon medium. Biochar has the added
benefits of enhancing agricultural production from soil and
providing long-term sequestration of carbon from the environ-
ment. This strategy may turn a large-scale waste into an
economic resource.
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Bovine pericardium is used for heart valve leaflet replacement where the strength and thinness are critical properties. Pericardium
from neonatal animals (4–7 days old) is advantageously thinner and is considered as an alternative to that from adult animals. Here,
the structures of adult and neonatal bovine pericardium tissues fixed with glutaraldehyde are characterized by synchrotron-based
small angle X-ray scattering (SAXS) and compared with the mechanical properties of these materials. Significant differences are
observed between adult and neonatal tissue.The glutaraldehyde fixed neonatal tissue has a higher modulus of elasticity (83.7MPa)
than adult pericardium (33.5MPa) and a higher normalised ultimate tensile strength (32.9MPa) than adult pericardium (19.1MPa).
Measured edge on to the tissue, the collagen in neonatal pericardium is significantly more aligned (orientation index (OI) 0.78)
than that in adult pericardium (OI 0.62). There is no difference in the fibril diameter between neonatal and adult pericardium. It is
shown that high alignment in the plane of the tissue provides the mechanism for the increased strength of the neonatal material.
The superior strength of neonatal compared with adult tissue supports the use of neonatal bovine pericardium in heterografts.

1. Introduction

Heart valve leaflet replacement with bovine pericardium
is an established practice [1] using either adult or calf
pericardium [2] and may be performed percutaneously [3].
It is essential that the mechanical strength and performance
of the material are adequate for a long life in service [4].
Greater understanding of the properties of these materials
and the structural basis for these properties is important for
improving the serviceability of these replacements.

Pericardium is a fibrous collagen extracellular matrix
material with structural similarities to skin and other tissues.
The structure of these collagenous tissues can be charac-
terized by small angle X-ray scattering (SAXS) to yield, for
example, quantitative measures of fibril orientation and fibril
D-spacing [5–7]. While other methods have been used to

study collagen fibril orientation including polarized light
microscopy [8], reflection anisotropy [9], small angle light
scattering [10], confocal laser scattering [11], Raman polarisa-
tion [12], and anisotropic Raman scattering [13], synchrotron
based SAXS has the advantage of excellent nonsubjective
quantification combined with good spatial resolution.

The fact that there is a function-structure relationship
between collagen alignment and mechanical strength is well
known [14]. The orientation of collagen measured edge on
(alignment in plane) has been shown in bovine and ovine
skin to be correlated with strength [15, 16]. This correlation
extends across a range of mammal species with a strength
range of over a factor of five [17]. It is the three-dimensional
orientation that is important: simply taking an observation
of the fibril orientation normal to the surface of the tissue
is not very helpful. Instead, it is necessary to measure
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the orientation of the fibrils through the thickness of the skin
to determine the extent to which they cross between the top
and the bottom of the skin layer [17].

The orientation of collagen in pericardium heterograft
materials for heart valve leaflets has been shown to affect the
stiffness during flexing [18]. In ovine and bovine skin, the
orientation of the fibrils in the skin influences themechanical
properties [16, 17].

We have previously found that pericardium from neona-
tal calves (4–7 days old) has superior properties for potential
application for heart valve repair [19]. Although both adult
and calf bovine pericardia are used in heart valve repair,
neonatal pericardium has not yet been used for heart valve
manufacture. The greater tensile modulus of neonatal peri-
cardium compared to that of adult pericardium may enable
the thinner neonatal tissue to be used. This would allow a
smaller introducer size for percutaneous heart valves. This
makes the application of these heart valves possible through
diseased femoral arteries which may have reduced diameters
[20]. Glutaraldehyde crosslinked pericardium continues to
be the material of choice for heart valve manufacturers and
developers. There are several devices on the market and
more devices currently in clinical trial that use glutaraldehyde
treated tissues.

It is known that collagen tissue properties change with
age. Differences have been shown in the thermal stability of
tendon collagen between steers aged 24–30 months and bulls
aged 5 years and this has been attributed to increased level
of maturity and thermally stable crosslinks [21]. Glycation
of collagen increases with age and can lead to differences in
mechanical properties of the collagen. It has been shown to
increase stiffness in connective tissues [22] and collagen gels
[23] and increase brittleness in bones [24]. Porcine extracellu-
lar matrix scaffolds derived from small intestinal submucosa
of younger animals and used for in vivo remodeling have
been studied previously. They were associated with a more
constructive, site appropriate, tissue remodeling response
than scaffolds derived from older animals [25]. However,
specific physical factors causing this difference were not
identified.

It has also been found that tissue strength varies with
collagen fibril diameter. Larger diameter collagen fibrils
are present in stronger tissue. In human aortic valves, the
collagen fibril diameter depends on whether the fibrils are
from regions of high stress or low stress: larger diameter
fibrils (in areas of lower fibril density) result from high stress,
suggesting that these larger diameter fibrils provide increased
strength [26]. Similarly, for mouse and rat tendon, fibril
diameters increase with loading [27, 28]. It is proposed that
this is due to the extra mechanical load placed on the tendons
on the exercising animals (due to their higher activity levels)
stimulating fibril thickening [28]. In bovine leather, fibril
diameter is found to be only weakly correlated with strength
[29].

The size distribution of the fibril diameter has also been
found to change with age. Fetal tissue has been found to
have a unimodal distribution with smaller collagen fibril
diameters, whereas older tissue has larger fibrils and may
have a unimodal or bimodal size distribution depending

on the tissue type and animal [30]. In studies of equine
digital flexor tendons, fibril diameter decreases with exercise,
suggestingweakening of tendonwith exercise (i.e., fatter fibril
is stronger). Unusually, the fibril diameter in these tendons
decreases with age, and this is associated with the decrease in
strength [31, 32].

In the percutaneous delivery of heart valves, the size of
the device when folded for delivery is important. Devices
made from adult bovine pericardium or porcine pericardium
typically require a size 18 F to 25 F catheter (7.0–8.4mm)
[33]. This size is in part dictated by the thickness of the
pericardium that is used in the valve, with thicker material
folding into a larger diameter device for insertion. A study
of 79 patients with peripheral arterial disease found that
occluded femoral arteries had an average internal diameter
of 4.5 ± 1.4mm with 12 below 3.5mm (11 F on the French
catheter scale) [20]. These occluded arteries are significantly
smaller than the folded heart valves resulting in difficulties for
percutaneous delivery of existing heart valve technology.This
provides a motivation to find thinner but sufficiently strong
material as a substitute for the existing bovine or porcine
pericardium. Neonatal pericardium is one possible option
that is investigated here.

The structural differences between neonatal pericardium
and adult tissue that give rise to the desirable differences
in their physical properties have not been adequately inves-
tigated. This study investigates and compares the collagen
fibril structure of neonatal and adult bovine pericardium
using SAXS. Specifically, the fibril orientation and the fibril
diameter are examined. The use of SAXS at a modern
synchrotron facility allows analysis of a small area (250 ×
80 𝜇m), enabling quantification of fibril orientation edge on
in relatively thin pericardium tissues, a process that is difficult
to achieve by other methods.

2. Methods

Pericardia were selected from 10 adult (18–24 months old)
and 10 neonatal (4–7 days old) cattle. The fresh pericardia
(less than 72 hours postmortem and typically 48–72 hours
postmortem) were washed several times in PBS buffer (pH
7.4 ± 0.2, 0.01% NaCl). Adult tissue was typically processed
closer to 48 hours postmortem while neonatal tissue was
processed closer to 72 hours postmortem due to the logistics
of obtaining the samples.The tissue was stored at 4–7∘C from
harvest until the start of washing.Washing in PBS buffer took
place at room temperature.The pericardiumwas then cut and
flattened into a “butterfly” shape and held flat with weights
around the edge (Figure 1)with care taken to ensure that there
were no air bubbles trapped beneath the material.

Treatment with glutaraldehyde was performed in several
stages at room temperature. First, the flat, weighted peri-
cardiumwas immersed in a tray of 0.625% glutaraldehyde (in
PBS buffer) for 30 minutes. The second stage was immersion
in fresh 0.625% glutaraldehyde (in PBS buffer) for 48 hours
with the weights removed. For the third stage the solution
was changed for fresh 0.625% glutaraldehyde (in PBS buffer)
and maintained for a further 48 hours. After this treatment,
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Figure 1: Flattened pericardium, after cutting, held with weights
around the edge.

coupons of 90mm × 140mmwere cut from the centre of each
side of the butterfly.The pericardiumwas stored with enough
0.625% glutaraldehyde PBS solution to keep the material
moist until being required for other tests. The time between
this stage and mechanical measurements varied between 1
and 7 days and for the SAXS measurements between 1 and 3
weeks. For the SAXS analysis, stripswere cut in twodirections
perpendicular to each other from the centre of coupons.
Replicates of each sample were prepared.

The thickness was measured with callipers using a light
and consistent force.

The elastic modulus and ultimate tensile strength were
measured uniaxially using an Instron tensile tester on strips
of material.

Histological cross-sections stained with picrosirius red to
highlight the collagen were recorded under cross-polarized
light on one sample of neonatal pericardium and one of adult
pericardium [34].

In preparation for SAXS analysis, the pericardia were
removed from the glutaraldehyde solution in which they had
been stored. After soaking for at least 1 hour in buffered saline
solution, the strips were mounted in 7 𝜇m thick Kapton tape
to prevent drying during analysis (i.e., retain them in a wet
state).TheX-ray beamwas directed either through the sample
perpendicular to the flat surface or through one of two edge
mounted samples. This meant that spectra were recorded in
each of the three orthogonal directions through the tissue for
each sample (Figure 2). For the edge-analysed samples, it was
necessary to brace the tissue against a stiff plastic strip mount
to prevent the pericardium from folding or twisting during
analysis and to ensure that there was only one layer of the
sample in the path of the X-ray beam throughout the travel
of the beam. All diffraction patterns were recorded at room
temperature.

Diffraction patterns were recorded on theAustralian Syn-
chrotron SAXS/WAXS beamline, utilizing a high-intensity
undulator source. Energy resolution of 10−4 (e.g., 1 × 10−4 Å
for 1 Å radiation) was obtained from a cryocooled Si(111)
double-crystal monochromator and the beam size (FWHM
focused at the sample) was 250 × 80𝜇m, with a total photon
flux of about 2 × 1012 ph⋅s−1. All diffraction patterns were
recorded with an X-ray energy of 12 keV using a Pilatus 1M
detector with an active area of 170 × 170mm and a sample-to-
detector distance of 3371mm. Exposure time for diffraction
patterns was 1 s and data processing was carried out using the
SAXS15ID software [35].

edge on

X-ray beam perpendicular to surface

X-ray beam

Figure 2: Directions of X-ray analysis of samples.

The orientation index (OI) is used to give a measure of
the spread of microfibril orientation (an OI of 1 indicates the
microfibrils are parallel to each other; an OI of 0 indicates the
microfibrils are randomly oriented). OI is defined as (90∘ −
OA)/90∘, where OA is the minimum azimuthal angle range
that contains 50% of the microfibrils. This was based on the
method of Sacks for light scattering [10] but converted to an
index [15], using the spread in azimuthal angle of, typically,
the sixth order peak at approximately 0.055–0.059 Å−1. This
peak was selected as it is one of the most intense diffraction
peaks. The peak area is measured, above a fitted baseline, at
each azimuthal angle.

Fibril diameters were calculated from the SAXS data
using the Irena software package [36] running within Igor
Pro. The data were fitted at the wave vector, Q, in the
range of 0.01–0.04 Å−1 and at an azimuthal angle which was
90∘ to the long axis of most of the collagen fibrils. This
angle was selected by determining the average orientation
of the collagen fibrils from the azimuthal angle for the
maximum intensity of the D-spacing diffraction peaks. The
“cylinderAR” shapemodel with an arbitrary aspect ratio of 30
was used for all fittings. We did not attempt to individually
optimize this aspect ratio and the unbranched length of
collagen fibrils may in practice have a length that exceeds an
aspect ratio of 30.

3. Results

3.1. Histology. Pericardium stained with picrosirius red high-
lights differences in the inner and outer layers of the parietal
pericardiumwithmore pronounced and larger collagen fibres
in the fibrous side of the tissue (Figure 3). Differences are
apparent between adult and neonatal pericardium with the
adult pericardiummore clearly differentiated into two layers.
The layer on the fibrous side showed a strongly differentiated
collagen fibre structure compared with the parietal side of the
adult pericardium. By comparison, the juvenile pericardium
has less differentiation through its thickness.

3.2.Thickness. Theaverage thickness was 0.36 (𝜎 = 0.03)mm
for adult pericardium and 0.12 (𝜎 = 0.006)mm for neonatal
pericardium. The neonatal is therefore one-third of the
thickness of the adult.
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(a) (b)

Figure 3: Pericardium stained with picrosirius red and imaged through cross-polarized light to highlight collagen: (a) adult pericardium; (b)
neonatal pericardium. The parietal side is toward the left and the fibrous side toward the right of each image. Scale bar is 0.1mm.

Table 1: Mechanical properties of adult and neonatal glutaraldehyde fixed bovine pericardium.

Test Adult (𝑛 = 13)† Neonatal (𝑛 = 11)† 𝑃†

Small strain (<0.2) elastic modulus (MPa) 4.8 (2.0) 71.9 (11.6) <0.0001
Large strain (>0.2) elastic modulus (MPa) 33.5 (3.2) 83.7 (10.6) <0.0001
Ultimate tensile strength (MPa) 19.1 (2.2) 32.9 (4.1) 0.0050
Strain at failure 0.80 (0.06) 0.48 (0.03) 0.0002
†Standard error () and 𝑃 from two-tailed 𝑡-test comparison of adult and neonatal pericardium.

3.3.Mechanical Properties. Theelasticmodulus of glutaralde-
hyde fixed neonatal bovine pericardium at both small strain
(<20%) and large strain is found to be verymuch greater than
for glutaraldehyde fixed adult pericardium (Table 1).

The ultimate tensile strength is also greater for glutaralde-
hyde fixed neonatal pericardium than for adult pericardium
(Table 1). The strength measured here (standard deviation
in parentheses) of 19.1 (𝜎 = 2.2)MPa for adult and 32.9
(𝜎 = 4.1)MPa for neonatal pericardium is less than that
reported previously for unfixed bovine pericardium of 25–
29MPa and of unfixed porcine pericardium of 22-23MPa
[37, 38] but greater than that reported in a different study
for calf pericardium at 6–9 months of 11.5 ± 4.6MPa [39].
We report the ultimate tensile strength as a modulus, that
is, tissue property per cross-sectional area. The absolute
strength of the glutaraldehyde treated adult pericardium is a
little higher than the neonatal. However, it is noted that the
neonatal pericardium is one-third of the thickness of adult

pericardium. The strain at failure is much less for neonatal
pericardium than for adult pericardium. This reflects the
higher elastic modulus of the neonatal material compared
with adult pericardium and high strength (Table 1).

The main objective of this work is to determine why the
neonatal pericardium has a higher ultimate tensile strength
and a higher tissue modulus. For this purpose the SAXS
measurements were used to investigate the structures of these
two materials.

3.4. SAXS Measurements. SAXS patterns of pericardium
showclearly the diffraction fromcollagen fibrils. Two selected
SAXS images are shown illustrating a nearly isotropic sample
(Figure 4(a)) and a highly oriented sample (Figure 4(b)). The
angular position of the bands or rings is due to the D-
spacing of the collagen fibrils. The integrated intensity of
such a pattern (Figure 5) enables the position of each peak
of different order to be accurately measured.
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Table 2: Orientation index (OI) for pericardium samples measured perpendicular and edge-on to the surface for samples cut vertically or
horizontally from the pericardium.

Direction measured Animal age OI Std deviation No. of pericardia No. of measurements
Perpendicular Adult 0.020 0.096 10 42
Perpendicular Neonatal 0.071 0.152 10 42
Edge-on vertical Adult 0.581 0.051 2 52
Edge-on horizontal Adult 0.669 0.032 2 27
Edge-on vertical Neonatal 0.800 0.031 2 30
Edge-on horizontal Neonatal 0.763 0.106 2 27

(a) (b)

Figure 4: SAXS spectra of pericardium. (a) A poorly oriented tissue; (b) a highly oriented tissue.
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Figure 5: SAXS profile of an example bovine pericardium integrated
around all azimuthal angles. The sharp peaks due to collagen D-
spacing of various orders are visible (order 5 is just below 0.05 Å−1,
order 6 at just below 0.06 Å−1, etc.).

To obtain a quantitative measure of the orientation of the
fibrils, the variation in intensity of one of these collagen peaks
is plotted as a function of azimuthal angle (Figure 6). It is the
width of the peak centered at 180∘ that reflects the orientation
index (OI).

3.5. Orientation. The collagen fibril OI measured perpendic-
ular to the surface of the pericardium is very small, indicating
a highly isotropic arrangement of fibrils in this direction.
There is no statistical difference in alignment between adult
tissue (OI = 0.020) and neonatal tissue (OI = 0.071) (𝑡-
statistic = 0.794, 𝑃 = 0.43) (Table 2).

In contrast to the perpendicular measurements, edge on,
the fibrils are more oriented and have a higher OI. The
fibrils are therefore approximately in isotropic layers stacked
one upon the other. However, there are marked differences
between the neonatal and the adult pericardium tissues, and
these differences aremost noticeable in the degreewithwhich
these layers intertwine with each other.

Edge on, the adult pericardium tissue has a significantly
lower OI than the neonatal tissue measured in both the
vertical and the horizontal directions. Measured in the
vertical direction, the adult has an OI of 0.581 (𝜎 = 0.051)
compared with the neonatal OI of 0.800 (𝜎 = 0.031).
These results are significantly different (𝑡-statistic = 21.5, 𝑃 <
0.0001). Measured in the horizontal direction, the OI of adult
pericardium is 0.669 (𝜎 = 0.032) and the OI of neonatal
pericardium is 0.763 (𝜎 = 0.106). This shows a significant
difference between the two materials (𝑡-statistic = 4.4, 𝑃 <
0.0001). In other words, the fibrils in the neonatal tissue are
significantly more aligned within the plane of the tissue than
those in the adult tissues.
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Figure 6: Plots of the intensity of a selected collagen peak at varying azimuthal angles for bovine pericardium samples. (a) A poorly aligned
tissue; (b) a highly aligned tissue. The central peak at 180∘ (and other peaks at 0 and 360∘) is the variation in intensity of collagen D-spacing
whereas the lower peaks at 90∘ and 270∘ are due to the scattering from the thickness of the fibrils and fibril bundles.
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Figure 7: Variation of orientation index through the thickness of glutaraldehyde fixed pericardium: (a) adult; (b) neonatal. Each figure shows
two profiles for each of the two samples.

3.6. Fibril Diameter. No statistically significant differencewas
found in the collagen fibril diameter between neonatal and
adult bovine pericardium. Fitting a cylinder model to the
SAXS data the adult group (𝑛 = 39) gave a mean (with
standard deviation) of 47.7 (𝜎 = 3.0) nm while the neonatal
group (𝑛 = 39) gave 48.4 (𝜎 = 4.5) nm. Comparing the
two sample sets there was no significant difference between
the neonatal and the adult pericardium (𝑡-statistic = −0.85,
𝑃 = 0.40).

3.7. SAXSCross-Sections. Pericardium tissue is known to vary
throughout its thickness and variation in structure is visible
in the histological sections (Figure 3). We have measured the
variation inOI through cross-sections of glutaraldehyde fixed
pericardium for neonatal and adult tissue.

TheOImeasured through the thickness of glutaraldehyde
fixed pericardium does not show a general change from

one side to the other (Figure 7). Ovine and bovine leather
show a similar flat profile of OI with skin depth [15, 16].
The flat profile between the two halves of the pericardium
is somewhat surprising here as the histology shows two
distinct layers.The variability inOI across the sample appears
to be larger for the adult than for the neonatal tissue. We
propose that highly aligned collagen fibrils are responsible
for high strength and that varied alignment spreads weakness
through the thickness of a material. Variability in alignment
in the adult pericardium is thus expected to lower the tensile
strength of the adult pericardium.

4. Discussion

Adult and neonatal glutaraldehyde fixed pericardium are
both useful for constructing bioprosthetic heart valves.
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However, there are clear differences to be found between
the collagen structures in these tissues of different age.
These differences are reflected in the orientation of the
fibrils.

There was a significant difference observed in the OI
between neonatal and adult bovine glutaraldehyde fixed
pericardium. For tissue measured edge on, there is a higher
OI in the neonatal pericardium than in the adult pericardium.
This indicates that collagen fibrils are more aligned in the
plane of the tissue in the neonatal pericardium. It is in this
direction that the main stresses are applied to pericardium
under the elastic deformation during normal heart function.
Recent studies of human skin reported a difference in SAXS
patterns of young and aged skin (no ages given).The intensity
of the collagen diffraction peaks and level of anisotropy
were both reported to vary. The aged skin has more intense
diffraction peaks and is less anisotropic; that is, it has a lower
OI [40], showing a preferential fibril orientation in young
individuals that is lost with age. These measurements were
taken perpendicularly to the skin. The data presented here
for bovine pericardium also shows less anisotropy in the
older pericardium. However, this difference is most apparent
in the edge-on measurements rather than the perpendicular
ones.

It might be expected that the maximum strength of a
tissue composed of collagen would be along the direction
in which the collagen fibrils are arranged. Thus, when the
collagen is more aligned in the direction in which force
is applied the tissue will be stronger. A correlation which
supports this concept has been observed for ovine and bovine
skin of varying strengths and skin from a range of mammals.
In those studies, a higherOI (in the plane of the tissue, but not
normal to the plane) was correlated with higher tear strength
[15, 17]. Therefore the higher OI in edge-on measurements of
neonatal pericardium should indicate improved tear strength
of this tissue in comparison with adult pericardium. This
is indeed observed in tensile testing of neonatal and adult
bovine pericardium. Neonatal pericardium demonstrated a
markedly higher modulus of elasticity and a higher tensile
strength than adult pericardium [19].

Extending and supporting this concept further, myx-
omatous and healthy mitral valve leaflets from dogs have
been reported to have different degrees of fibril orientation.
Myxomatous tissue was found to become less aligned [41]
which is a possible contributor to the diminished mechanical
performance of this tissue although other changes are present
too.

Measured perpendicularly, the OI for both adult and
neonatal tissue is very low. The tissues are therefore rather
isotropic measured from this direction. This is a very useful
property as it may enable material to be cut in any direction
from the pericardium for use in heart valve leaflets with
minimal differences in mechanical performance.

We believe that the greater alignment in the plane of
the tissue is the structural basis for the superior mechan-
ical performance of glutaraldehyde fixed neonatal bovine
pericardium. A relationship between fibre alignment and
tensile strength has been modelled previously. Strength was
found to be due to the sum of the components of the

fibrils that lie in the direction of force in addition to a
component due to the other matrix materials [42]. This
model has been applied to just themeasured fibrous collagen,
neglecting the contribution from other matrix components.
Amodel orientation index is derived which we will call OI to
distinguish it from the experimentally measured OI [43, 44]:

OI =
∫
2𝜋

0
∫
𝜋/2

0
cos4𝜃𝐹 (𝜃, 𝜙) 𝑑𝜃 𝑑𝜙

∫
2𝜋

0
∫
𝜋/2

0
𝐹 (𝜃, 𝜙) 𝑑𝜃 𝑑𝜙

, (1)

where𝐹(𝜃, 𝜙) is the angular distribution functionwhere 𝜃 and
𝜙 are orthogonal. We have previously applied this model to
collagen orientation in leather produced from the skins of a
selection of mammals. It was found to be valid across a wide
range of strengths, that is, greater than a factor of 5 [17].

Some of the apparent nonalignment of fibrils (resulting in
a lower OI) could be due to crimp of the collagen fibrils and
not only to the variation in whole fibril alignment. However
we do not believe this is an important consideration in the
materials studied. Crimp is observed in the light microscopy
sections (Figure 3) and would contribute to a decrease in
the OI in the direction of SAXS measurements taken edge
on. In horse tendon crimp has been found to decrease with
age [45], as does the tendon strength, and if there were no
other changes to the alignment of collagen in the tendons,
this would result in an increase in OI with age. This is the
opposite of what is observed for the OI change between the
neonatal and the adult pericardium. Another consideration
which leads us to believe crimp is not an important factor
in the measurements reported here is that crimp is generally
believed to be associated with strength [46]. Therefore if the
OI measured edge on was only due to crimp, this would
suggest that the neonatal pericardium, which is stronger, has
less crimp and this would contradict the accepted knowledge
of the influence of crimp. However, if the differences in OI
measured edge on between neonatal and adult pericardium
are due to differences in alignment of the collagen fibrils, then
this relationship would be in agreement with previous studies
on skin (treated to produce leather) where a high degree of
alignment is correlated with high strength (and crimp is not
present) [15, 17].

We also do not know if these tissues of different age
are affected differently by glutaraldehyde treatment. It has
been observed that glutaraldehyde treatment lowers the OI
of pericardium [47] and it is possible that the neonatal and
adult pericardium are affected to a different extent. We are
currently investigating this possibility.

We did not find that changes in fibril diameter are
responsible for differences in strength between neonatal and
adult pericardium.This is a little surprising, as fibril diameter
is generally believed to affect strength in tendons and age
can result in different fibril diameter with typically older
tissue having thicker fibrils. However, in tendons the collagen
fibrils are more highly aligned than pericardium so perhaps
there is less variation in alignment in tendons and therefore
factors other than alignment dominate strength differences.
On the other hand, in pericardium (and leather) there is the
possibility of significant variation in alignment and therefore
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alignment may be able to dominate the strength-structure
relationship with fibril diameter being a less important factor
[29].

The glutaraldehyde treated adult material had a greater
modulus of elasticity and greater ultimate tensile strength
than the glutaraldehyde treated neonatal material, while the
neonatal material was significantly thinner. This suggests
that there may be an advantage in the use of this material
in applications such as heart valve leaflets for percutaneous
delivery. A thinner tissue is able to be folded to be inserted
in a much smaller sized catheter for aortic valve replacement.
By using the thinner, but sufficiently strong, neonatal bovine
pericardium, it could be possible to reduce the catheter
diameter required for the insertion of the folded valve.This is
an important consideration for many patients needing such
intervention [20, 33].

What we have not determined is the relationship between
the collagen fibril alignments in the glutaraldehyde fixed
material and in the native material. Treatment of native
tissue results in differences in strength, as shown here and
elsewhere [48]. Cross-linking of the collagen fibrils might be
expected to have an effect on fibril alignment because the
cross-linking would place physical constraints on the fibrils.
Therefore variation in the degree to which cross-linking takes
place in different tissues might result in a variable change
in alignment. This is the subject of a study we are currently
undertaking.

5. Conclusions

We have shown that glutaraldehyde fixed neonatal peri-
cardium has higher elastic modulus and ultimate tensile
strength than adult pericardium.We found, using SAXS, that
there are clear differences in the structure of collagen between
neonatal and adult bovine pericardium.The alignment of the
collagen in the plane of the tissue is greater in the neonatal
pericardium. We have described how this gives a structural
understanding of the superior mechanical properties of that
material. These findings provide a basis for the potential
advantages to using neonatal rather than adult bovine peri-
cardium in heterografts.
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[38] J. M. Garćıa Páez, E. Jorge, A. Rocha et al., “Mechanical effects
of increases in the load applied in uniaxial and biaxial tensile
testing: part I. Calf pericardium,” Journal of Materials Science:
Materials in Medicine, vol. 13, no. 4, pp. 381–388, 2002.

[39] M. M. Maestro, J. Turnay, N. Olmo et al., “Biochemical and
mechanical behavior of ostrich pericardium as a new bioma-
terial,” Acta Biomaterialia, vol. 2, no. 2, pp. 213–219, 2006.
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ABSTRACT

The physical properties of leather are partly a result of the 
structure of the leather’s network of type I collagen fibrils. To 
achieve high strength and a soft, supple feel, penetrating oils 
(usually polyols) are added to leather during manufacture, and 
this process is known as fat liquoring. The modification of the 
collagen structure by fat liquoring (with a lanolin-based fat 
liquor) is investigated using synchrotron-based small angle 
X-ray scattering. The axial periodicity, or D-spacing, of the 
collagen changes as a result of fat liquoring. With no fat liquor, 
the D-spacing is 60.2 nm; spacing increases by 6% to 63.6 nm 
at 10% fat liquor. Pure lanolin results in a similar increase in 
D-spacing. We discuss mechanisms for fibril elongation 
brought about by fat liquoring. The observations of structural 
changes taking place within collagen fibrils as a result of fat 
liquoring provides new insight into the nature of fat liquoring 
and informs future processing developments.

INTRODUCTION

Leather is a strong, flexible, complex biomaterial mainly 
consisting of fibrous type I collagen. Leather is used in a wide 
variety of manufacturing applications where the physical 
properties exhibited by the material are important for both 
strength and aesthetic reasons. The physical attributes of 
leather are largely dependent on the structure of collagen fibers 
and the interactions among them.1-5 Because leather is processed 
animal skin, the collagen fiber structure of leather is derived 
from that of living skin and some other tissues. It is also similar 
to some collagen-based medical scaffolds.6 Fibrous type I 
collagen accounts for most of leather’s complex architecture.

A collagen fibril contains multiple levels of structure. The 
collagen molecule is characterized by the repeating amino acid 
sequence (Glycine-X-Y)n. Each polypeptide chain forms an alpha 
helix with a left handed twist, then three of these left handed 
helices twist together in a right hand manner to form a triple 
helix, or tropocollagen. Hydrogen bonds between amino acid side 
chains and collagen molecule main chains and those mediated 
through water bridges are the main stabilizing force of the 
tropocollagen quaternary structure.7 Interchain water bridges are 
intrinsically linked to the hydroxyprolines in the sequence so that 
high hydroxyproline content will increase the stability of the 
triple helix.8 In fact, water can be regarded as forming a clathrate–
like structure around each triple helix and it has a role in 
maintaining fibril assembly.7,9,10 Collagen fibrils are assembled 
from multiples of five staggered tropocollagens. Gaps between 
the end of one tropocollagen and the next result in regions with 
only 4/5 tropocollagen molecules present. This structure is 
responsible for the banding of collagen that is visible with atomic 
force microscopy or transmitting electron microscopy and is the 
origin of the Bragg diffraction peaks. This spacing is known as 
the D-spacing and can be measured. Within each fibril, the 
tropocollagen molecules are held together by crosslinks between 
lysine and allolysine formed as a result of the action of an enzyme 
lysyl oxidase. The extensive, highly structured hydration shell 
around the collagen triple helices, along with water bridges 
between collagen fibrils, have been shown to be critical elements 
that maintain the macromolecular assemblies of collagen 
molecules.7,11,12 While the secondary structure remains stable if 
the water molecules become unavailable to support the hydrogen-
bonding network, the mechanical properties of collagen are 
affected.13 Hydrophobic residues on the outside of the 
tropocollagen molecule have also been shown to play an 
important role in microfibrillar packing by both organizing water 
structure and through Van der Waals interactions.14
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In terms of microstructure, leather comprises two distinct 
layers: the ‘grain’ and the ‘corium’. These two layers have 
significantly different structures.1,15 Fibril orientation and 
fibril diameter, particularly in the corium layer, have been 
shown to be an important factor in the strength of the 
material.14-18 During the process of making leather, synthetic 
crosslinks are introduced that stabilize the molecular structure 
of the skin and contribute to its physical properties.19-22

The D-spacing for stronger ovine and bovine leather has been 
shown to decrease at the interface between the corium and the 
grain.23 While changes in D-spacing have not been shown to 
correlate with strength in leather4,16 and rat tail tendon,24 
D-spacing does vary with tissue types,25 animal species,16 
age26,27 and chemical treatment.27,28 It is also possible to observe 
change in D-spacing when leather is subjected to mechanical 
stress.23 During the processing of skins and hides to leather, 
efforts are made to optimize the strength, flexibility and feel 
of leather. Adding penetrating oils, a process known as fat 
liquoring, improves leather’s texture and flexibility by 
lubricating the fibers and preventing adhesion between them.29 
However, little is known about how the addition of fat liquor 
affects the structure of the collagen fibrils themselves.

Here we report a study of the addition of fat liquor to leather 
in which we attempt to understand how penetrating oil 
changes the nanostructure of leather. With this understanding, 
it may be possible to manipulate the processing to produce 
leather of higher strength and better feel.

EXPERIMENTAL

Ovine pelts were obtained from 5-month-old, early season 
lambs of breeds with “black faces”, which may include 
Suffolk, South Suffolk, and Dorset Down. Conventional 
beamhouse and tanning processes were used to generate 
leather. The pelts were depilated using a caustic treatment 
comprising sodium sulfide and calcium hydroxide. The 
residual keratinaceous material was then removed in a solution 
of sodium sulfide ranging in concentration from 0.8% to 2.4% 
�������	�
����������������������������	�������������
������
were then washed and treated with a proteolytic enzyme, either 
a bacterial enzyme (Tanzyme, Tryptec Biochemicals, Ltd.) or a 
pancreatic enzyme (Rohapon ANZ, Shamrock, Ltd.), at 
concentrations ranging from 0.025% to 0.1%, followed by 
pickling in a 2% sulfuric acid and 10% sodium chloride 
solution. The pickled pelts were then pretanned using 
oxazolidine, degreased with an aqueous surfactant, and then 
tanned using chromium sulfate. The resulting “wet blue” was 
then retanned using a mimosa vegetable extract.

Fat liquoring was carried out using Lipsol EHF (Schill + 
Seilacher). This product contains a mixture of lanolin, 

bisulfited fish oil and 2-methyl-2,4-pentanediol. Lanolin, or 
wool wax, consists primarily of long chain waxy esters and 
some hydrolysis and oxidation products of these esters. The fat 
liquor was added at 0–10% by weight of wet leather prior to 
drying and mechanical softening. One sample was prepared 
with just the principal component of the fat liquor, lanolin 
(Sigma), at a concentration of 8% by weight of wet leather.

Samples for synchrotron-based small angle X-ray scattering 
(SAXS) analysis were prepared by cutting strips of leather 1 × 
30 mm from the official sampling position (OSP)30 from pelts 
of leather processed with 0, 2, 4, 6, 8, and 10% Lipsol EHF. 
Diffraction patterns were recorded on the Australian 
Synchrotron SAXS/WAXS beamline using a high-intensity 
undulator source. Each sample was mounted without tension 
in the X-ray beam to obtain scattering patterns from an 
edge-on direction. Measurements were made every 0.25 mm 
through the cross section from the grain to the corium. Energy 
resolution of 10���was obtained from a cryo-cooled Si (111) 
double-crystal monochromator, and the beam size [full width 
at half maximum (fwhm) focused at the sample] was 250 × 80 
�������
����������
��������������!������"��#12 photons s��. All 
diffraction patterns were recorded with an X-ray energy of 11 
keV using a Pilatus 1 M detector with an active area of 170 × 
�$#� ��� ��&� �� ������&�'���� &�����'� ��� <<$�� ����
Exposure time for diffraction patterns was 1 s, and data 
processing was carried out using the SAXS15ID software.31

The D-spacing of collagen was determined for each spectrum 
from Bragg’s Law by taking the central position of several 
collagen peaks, dividing these by the peak order (usually from 
n = 5 to n =10) and averaging the resulting values.

Fibril diameters were calculated from the SAXS data using 
the Irena software package32 running within Igor Pro. The data 
were fitted at the wave vector Q, in the range of 0.01 – 0.04 Å-1 
��&��������>����
���������
�'
�����?#������
��������������
most of the collagen fibrils. This angle was selected by 
determining the average orientation of the collagen fibrils 
from the azimuthal angle for the maximum intensity of the 
d-spacing diffraction peaks. The “cylinderAR” shape model 
with an arbitrary aspect ratio of 30 was used for all fitting. We 
did not attempt to individually optimize this aspect ratio and 
the unbranched length of collagen fibrils may in practice have 
a length that exceeds an aspect ratio of 30.

RESULTS

The SAXS patterns obtained for the different levels of fat 
liquor clearly show diffraction rings due to the axial 
periodicity of collagen (Figure 1a). Orientation of the collagen 
fibrils can be seen as the varying intensity of each of these 
rings around the azimuthal angle and the alignment at right 
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angles to this of the central scattering region. From the 
integrated intensity of the whole scattering pattern (Figure 1b) 
the position of the diffraction peaks can be measured and 
from these the D-spacing is determined.

The addition of fat liquor resulted in an increase in D-spacing 
����
�'������������	#���JK�U�#��$\������������������
��������
��^�������	<�	�JK�U�#��<\������������������
��#_�������^����
(Figure 2). This is an increase of 3.4 nm or 5.6%. The change 
in D-spacing of the corium and grain layers closely mimicked 
each other despite structural differences in these layers.33 We 
find a strong correlation between D-spacing and the percentage 
of fat liquor added, with a linear fitted slope of 0.34 nm/% and 
a r2 value of 0.93 (P = 0.0018 at an alpha of 0.05) (Figure 2). 

The one sample prepared with 8% lanolin rather than fat 
��^����
�&���`{���'�������	<���JK�U�#�<?\������
�'
����������
the regression line in Fig. 2. This suggests the change in 
D-spacing may be primarily due to the lanolin content of the 
fat liquor. 

An average fibril diameter of 56.8 (n�U��#	��K�U���<\��������
determined for the leather showing that there was no 
statistically significant change in the fibril diameter as a result 
of fat liquor addition. 

DISCUSSION

We found that the change in collagen D-spacing is proportional 
to the amount of fat liquor added, with a large change being 
observed when the greatest amount of fat liquor was added. As 
pure lanolin had a similar effect, it is not unreasonable to 
assume that the lanolin component of the fat liquor is causing 
this change. This increase in D-spacing serves to increase the 
length (and therefore perhaps the volume) of the collagen 
fibrils in leather. The equivalent extension in D-spacing by 
tension applied to leather requires a stress of approximately 3.1 
N/mm2 for strong ovine leather and 0.4 N/mm2 for weak ovine 
leather.23

Fat liquor is considered in the industry to assist in the mechanical 
properties of leather by “lubricating” the fibril structure, enabling 
the fibers to slide over one another. This work clearly shows that 
the fat liquor used in this experiment causes a change in the 
D-spacing, a fundamental property of fibril structure.

We consider two possible mechanisms for the change in 
D-spacing. One proposition is that the D-spacing increase is 
caused by an increase in the twist of the tropocollagen helix, 
which would result in a longer tropocollagen and therefore a 
longer D-spacing in the fibril. However, if an increase in 
tropocollagen occurred by this mechanism, we would expect 
to also see a significant change in the fibril diameter. The 
diameter was not observed to change and therefore this 
hypothesis is not supported. 

The other option we considered is that the observed change is 
due to an increase in the length of the gaps between two 
tropocollagen molecules within the fibrils. Collagen fibrils 
form in a process that controls the registration between 
adjacent tropocollagen molecules, known as the D-spacing. 
Inspection of type I tropocollagen maps and interactomes 
shows that the two regions of the molecule important in 
fibrillogenesis (residues ~1016-1040, and 776-800) are rich in 
hydrophobic amino acids and prolines.34-37 Once the 
tropocollagens are in register, the fibril structure is stabilized 
by intermolecular hydrogen bonds, often mediated by water, 
and covalent crosslinks at the N and C termini of the molecule. 

An increase in the D-spacing is indicative of an increase in the 
axial distance between fibrils and could result in an overall 
lengthening of the fibril. It could also change the interactions 
between tropocollagens, whether the interactions are covalent 

JALCA, VOL. 110, 2015

Figure 1. Example of SAXS of leather: (a) raw SAXS pattern;  
(b) integrated intensity profile.

Figure 2. Collagen D-spacing versus fat liquor percentage for ovine 
leather: (�, ��������) corium, (�������) grain, and (�, �����) average. Each 
point for the corium and grain is taken from the average of about 10 
scattering patterns. Pure lanolin at 8% also shown (�).
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or non-covalent and whether they are mediated through 
bridging molecules such as water. The fact that it is a direct 
result of fat liquoring implies that the covalent crosslinks 
formed between tropocollagen molecules in the mature fibril, 
are either nonexistent, are broken during processing of the 
skin, or that they are flexible enough to allow movement of the 
tropocollagens relative to one another within the fibril. 

Axial periodicity in collagen I is thought to be stabilized by 
inter-tropocollagen hydrophobic and �-CH2 interactions 
between the C-terminal region of one tropocollagen and a 
specific region of a second tropocollagen, driven by the entropic 
gain from the release of ordered water molecules.38 Lanolin is a 
long chain hydrocarbon ester, made up from a long chain 
aliphatic lanolin alcohol and fatty acid. Its hydrophobic structure 
will therefore be relatively rigid allowing it to insert into the 
hydrophobic regions at the ends of the gap regions between 
tropocollagen molecules. The relative non-specific nature of 
hydrophobic interactions is tolerant of movement, and the 
lanolin will act like lubricant allowing the tropocollagens to 
move relative to one another, altering the D-spacing. 

It is outside of the scope of this work to elucidate the molecular 
details of this arrangement. While atomic force microscopy 
could be used to compare the ratio of the gap and overlap 
regions among leathers with different levels of fat liquor, 
obtaining statistically robust sample data could be problematic. 
It has been shown that there is a range of D-spacings in any 
one sample, with different fibril bundles within one piece of 
tissue having different average D-spacings.25 SAXS 
������������������|���������#�"��}#�"��###������
�'
�
might be expected to contain around 3 × 1010 collagen 
D-spacing units (assuming collagen occupies around 50% of 
the volume). AFM, however, scans only small areas of a 
sample at one time, making it difficult to get a representative 
average D-spacing. Nevertheless, this would be a worthwhile 
follow-up analysis and could reveal one mechanism by which 
fat liquor achieves fibril elongation.

CONCLUSIONS

In summary, we have investigated the structural changes of 
collagen within leather upon addition of varying amounts of 
fat liquor. We have shown that as we increased the amount of 
fat liquor, the D-spacing of the collagen fibrils increased, and 
that this appears to be due to the lanolin component of the fat 
liquor. Alternative mechanisms for this increase in D-spacing 
have been discussed, including an increase in the gap region or 
an increase in the length of the tropocollagen triple helix. We 
have shown that fat liquor does more than lubricate fibers in 
leather in that it alters the structure of collagen fibrils. 

While the focus of this work has been the improved properties 
of leather, due to the application of lanolin, the changes observed 

in collagen structure may also occur in raw skin. Mixtures of 
oils and other chemicals have long been applied to human skin 
to enhance its appearance and are known as moisturizers. It 
may be that some of the components of moisturizers increase 
the D-spacing of collagen in skin, expanding the collagen 
structure and reducing wrinkles. We are currently investigating 
the effect of a range of other organic additives on collagen 
structure as well as the effects of fat liquoring on the 
nanostructural response of leather when under strain.
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Collagen cross linking and fibril alignment in
pericardium

Hanan R. Kayed,a Katie H. Sizeland,a Nigel Kirby,b Adrian Hawley,b Stephen T. Mudieb

and Richard G. Haverkamp*a

The influence of natural cross linking by glycosaminoglycan (GAG) on the structure of collagen in animal

tissue is not well understood. Neither is the effect of synthetic cross linking on collagen structure well

understood in glutaraldehyde treated collagenous tissue for medical implants and commercial leather.

Bovine pericardium was treated with chondroitinase ABC to remove natural cross links or treated with

glutaraldehyde to form synthetic cross links. The collagen fibril alignment was measured using

synchrotron based small angle X-ray scattering (SAXS) and supported by atomic force microscopy (AFM)

and histology. The alignment of the collagen fibrils is affected by the treatment. Untreated pericardium

has an orientation index (OI) of 0.19 (0.06); the chondroitinase ABC treated material is similar with an OI

of 0.21 (0.08); and the glutaraldehyde treated material is less aligned with an OI of 0.12 (0.05). This

difference in alignment is also qualitatively observed in atomic force microscopy images. Crimp is not

noticeably affected by treatment. It is proposed that glutaraldehyde cross linking functions to bind the

collagen fibrils in a network of mixed orientation tending towards isotropic, whereas natural GAG cross

links do not constrain the structure to quite such an extent.

1. Introduction

The collagen I molecule is prevalent as the basis of many
structural components in animals. It assembles with a complex
hierarchical structure. This extracellular matrix forms resilient
materials which are mechanically very tough.1 This toughness is
due in part to the highly brillar nature of collagen. Polypeptide
molecules twist in le handed a-helical chains, and three of
these in turn assemble with a right handed twist to form
tropocollagens. Collagen brils are multiples of ve tropocol-
lagen strands thick and of extended length. The brils in turn
may be assembled into larger bres and a variety of structural
motifs. There is great inherent strength and elasticity in each
individual bril. It is believed that the structure of materials
composed of collagen I also require cross linking of the brils.
This mechanically couples the brils restricting them from
sliding past each other in order to achieve high strength.2

In nature, these cross links between collagen brils are
provided by proteoglycan bridges, predominantly decoran,
forming shape modules.3,4 These proteoglycan bridges are
elastic containing the glycosaminoglycan dermochondan
sulfate.5,6 The way in which these connections might transmit
force between brils to resist sliding forces has been

modelled.7–11 The energy absorbed by enthalpic transformations
in the dermochondan can be signicant.6,12

It has been found that the tensile elastic modulus of mouse
tendon was reduced over much of the stress–strain curve when
the natural glycosaminoglycan (GAG) content was lowered by
the application of chondroitinase ABC while the ultimate
tensile force and ultimate stress were relatively unchanged.13

However, this is not universally agreed as other work has found
no altered mechanical properties in tendon from the removal of
GAGs.14,15

The GAG cross links associate with the collagen bril at
several different sites but is believed to always be associated
with the Gly-Asp-Arg amino acid sequence.16

Natural cross linking of collagen also increases with age due
to glycation and has been shown to increase stiffness in
connective tissues17 and collagen gels18 and increase brittleness
in bones.19

Methods of cross linking other than that found in nature can
be used to modify the properties of collagen materials. Cross
linking of bovine pericardium with glutaraldehyde either under
strain or with no tension has been reported to result in a less
extensible and stiffer material which is stronger than the
untreated material.20,21

However, there is still much to learn about cross linking of
collagen and the contribution these cross links make to the
structure and mechanical properties of collagen tissues.

The arrangement of collagen brils, particularly the extent of
alignment or anisotropy, is an important contributor to the
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strength of collagen materials. The structure–function rela-
tionship between collagen alignment and mechanical proper-
ties has been elucidated for a range of tissue types.22–26 The
orientation of collagen measured edge-on (alignment in-plane)
has been shown in a range of mammal skins processed to
leather to be correlated with strength.27,28

Small angle X-ray scattering (SAXS) is a powerful method for
measuring the orientation of collagen brils in tissue.26,29,30

Other methods may also be used such as small angle light
scattering,31 confocal laser scattering,32 reection anisotropy,33

and atomic force microscopy.34

Bovine pericardium is a suitable material to use as a model
in investigating the effect of cross linking, both natural and
synthetic, on mechanical properties. Bovine pericardium has an
established use for heart valve leaet replacement.35,36 The
material requires high mechanical strength and a long perfor-
mance life.37 The orientation of collagen in pericardium
heterogra materials for heart valve leaets has been shown to
affect the stiffness during exing.38

We investigate here the hypothesis that cross links, both
natural (GAGs) and synthetic (glutaraldehyde), may constrain
the alignment of the collagen brils to result in different extents
of orientation in collagen tissues which in turn may partially
explain the different physical properties of the materials.

2. Methods
2.1 Fresh pericardium samples

Fresh bovine pericardium was obtained from John Shannon
and from Southern Lights Biomaterials and stored in phosphate
buffered saline (PBS) solution (Lorne Laboratories Ltd). The
tissue was rinsed briey in PBS solution. The tissue was then cut
into rectangles of approximate dimensions 40–45 mm� 10 mm
with the long axis taken from the long axis of the heart
(as shown in Fig. 1). The method of decellularisation was based
on Yang et al. (2009).39 The pericardium was washed for 24 h
in a 1% octylphenol ethylene oxide condensate (Triton X-100,
Sigma), 0.02% EDTA solution made up in PBS. This washing
step was conducted under constant agitation at 4 �C. The
samples were then rinsed in PBS buffer and stored in PBS.
These are what we refer to as “native”. Subsequent processing of
this material produced glutaraldehyde treated or chon-
droitinase ABC treated material. All samples were taken from
one pericardium and randomly assigned to each treatment
method.

2.2 Glutaraldehyde treatment

The Triton treated pericardium was incubated with a 0.6%
glutaraldehyde solution made up in PBS buffer at 4 �C for 24 h
with constant agitation.40 It was then stored in a sealed
container in the solution of the same composition until SAXS
measurements were performed. The total time in storage was
3–5 days.

2.3 Chondroitinase ABC treatment

Removal of GAG cross links was based on the method described
by Schmidt et al. (1990).41 The Triton treated pericardium was
incubated in 0.125 units of chondroitinase ABC permL of buffer
solution comprising of 0.05 M Tris–HCl, 0.06 M sodium acetate
and EDTA-free protease inhibitors (complete, EDTA-free
protease inhibitor tablets, Roche Diagnostics, Mannheim,
Germany) at approximately 27 �C for 24 h before rinsing and
storing in 0.05 M Tris–HCl and 0.06 M sodium acetate buffer in
a sealed container at 4 �C.

Care was taken with all handling, cutting and treatment of
the samples to not stretch the material as this might cause bril
alignment to change. The data presented here represents a
duplication of this experiment with additional care taken in
sample selection and handling in the second set of samples and
SAXS analysis informed by the experience from the initial
experiments.

2.4 GAG assay

An assay for sulfated GAGs was performed in triplicate for each
of the sample treatments. GAGs were extracted with 1 mL
extraction reagent consisting of a 0.2 M sodium phosphate
buffer at pH 6.4, containing 8 mg mL�1 sodium acetate,
4 mg mL�1 EDTA, 0.8 mg mL�1 cysteine HCl and 0.1 mg mL�1

papain enzyme (Carica papaya, Sigma, Biochemika, enzyme no.
3.4.22.2). Each pericardium sample was incubated at 65 �C for
26 h. These samples were centrifuged and the supernatant
containing the extracted GAGs collected. The concentration of
GAGs in solution was determined with a Blyscan Sulfated Gly-
scosaminoglycan Assay kit (Bicolor, Carrickfergus, UK). GAGs
were precipitated with 1 mL of dye reagent to 20 or 40 mL of
supernatant diluted to 100 mL, mechanically inverted for
30 minutes, and then centrifuged. The unbound dye was
drained off and 1 mL of Blyscan dissociation reagent was added
to the precipitate, le to dissolve for approximately 10 minutes,

Fig. 1 Pericardium (a) ready to be cut for samples; (b) showing region used and sample size.
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and centrifuged. Absorbance was measured at a wavelength of
656 nm and compared with a standard curve.

2.5 SAXS analysis

In preparation for SAXS analysis, the pericardium was removed
from the glutaraldehyde and Tris–HCl, sodium acetate buffer
solutions in which they had been stored. Aer soaking for at
least 1 h in buffered saline solution (Lorne Laboratories Ltd),
pericardium strips were mounted and diffraction patterns
recorded while the pericardium was wet. All diffraction patterns
were recorded at room temperature.

Diffraction patterns were recorded on the Australian
Synchrotron SAXS/WAXS beamline, utilizing a high-intensity
undulator source. Energy resolution of 10�4 (e.g. 1 � 10�4 Å
for 1 Å radiation) was obtained from a cryo-cooled Si(111)
double-crystal monochromator and the beam size (FWHM
focused at the sample) was 250 � 80 mm, with a total photon
ux of about 2 � 1012 ph s�1. All diffraction patterns were
recorded with an X-ray energy of 12 keV using a Pilatus 1M
detector with an active area of 170 � 170 mm and a sample-to-
detector distance of 3371 mm. Exposure time for diffraction
patterns was 1 s and data processing was carried out using the
soware scatterBrainAnalysis V2.30.42

The orientation index (OI) is used to give a measure of the
spread of bril orientation (an OI of 1 indicates the brils are
parallel to each other; an OI of 0 indicates the brils are
randomly oriented). OI is dened as (90� � OA)/90�, where OA is
the minimum azimuthal angle range that contains 50% of the
brils, based on the method of Sacks for light scattering43 but
converted to an index,27 using the spread in azimuthal angle of
one or more d-spacing diffraction peaks. The peak area is
measured, above a tted baseline, at each azimuthal angle.

Four samples were prepared of native material, three with
treatment by chondroitinase ABC for 24 h and three with
treatment by glutaraldehyde. For each sample one diffraction
pattern was recorded at each of nine positions.

From each pattern (an example is shown in Fig. 2) the OI was
calculated from the azimuthal spread of the 5th collagen
diffraction peak (as seen in Fig. 3 at around 0.05 Å�1).

2.6 Atomic force microscopy

Small square sections were cut from the native, chondroitinase
ABC and glutaraldehyde treated pericardium samples and
mounted onto 12 mm diameter magnetic metal discs with
double sided tape. The samples were le to air dry for a few h
before being imaged. A Nanoscope E (Veeco) atomic force
microscope with a JV scanner was used with x–y calibration
to �3% completed just prior to imaging. CSG01 cantilevers
(NT-MDT, Russia) with a force constant of about 0.05 N m�1

were used for contact mode imaging.

2.7 Histology

Samples of pericardium were cut and frozen at in a Leica
CM1850 UV cryogenic microtome at �30 �C before being
mounted on microtome disks using embedding medium for
frozen tissue specimens. 10 mm thick cross-sections were cut
and transferred to glass microscope slides. The mounted
sections were stained as per the protocols of the Picrosirius Red
Stain Kit (Polysciences, Inc.) before being placed in 70% ethanol
for 45 s and le to air dry for several h. Optical images were
recorded on a Nikon Eclipse TE2000-U microscope tted with a
Nikon Digital Sight DS-Fi2 camera and cross-polarising lters.

2.8 Tensile properties

Three rectangular sections of pericardium with the long axis of
the sections equivalent to the long axis of the heart were cut
from each of three pericardium sacs and treated with glutaral-
dehyde or chondroitinase ABC or le as native tissue. From
these, samples were cut using a press knife and stress–strain
curves were measured by uniaxial strain using an Instron 4467
with the sample mounted vertically at a rate of 100 mm min�1

Fig. 2 Representative scattering pattern of pericardium.

Fig. 3 Representative integrated scattering pattern of pericardium.
The sharp peaks are due to diffraction for the d-spacing (at different
orders).

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 3611–3618 | 3613
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according to standard ISO 3376:2011. Thickness was measured
using method BS EN ISO 2589:2002 but with reduced pressure.
Elastic modulus was determined for the linear region of the
stress–strain curve.

2.9 Statistical analysis

Statistically signicant differences between treatment mean OI
values, GAG content and tensile properties were tested for using
One Way ANOVA implemented in SigmaPlot 12.0 with a
signicance level, alpha, of 0.05. If statistical differences were
found (P ¼ <0.001), pairwise multiple comparisons were per-
formed using the Holm–Sidak method in SigmaPlot 12.0 where
the overall signicance level used was 0.05. Pairwise compari-
sons with P-values less than 0.05 were considered to be signif-
icantly different.

3. Results
3.1 Chondroitinase ABC GAG removal

The GAG assay found that approximately 81% of GAGs were
removed with chondroitinase ABC treatment (Fig. 4) which can
be considered a success. As expected, glutaraldehyde treatment
did not remove the GAGs, showing similar GAG content to the
native material. Therefore the chondroitinase treated samples
do represent pericardium with most of the GAGs removed.

3.2 Histology

The picrosirius red stained sections of each of the treated
samples show a similar level of crimp in each sample type
(Fig. 6). Crimp is the wavy structure of collagen brils which
is typically seen in tendon and pericardium (with a period of
25–45 mm in pericaridum23) but not as prominently in skin. The
chondroitinase ABC treated sample and native sample are the
most similar. The glutaraldehyde treated pericardium has the
appearance of a more open structure (which may be because it
did not microtome as well) and it has some variation in colour.

While picrosirius red is intended as a specic stain for collagen
with type 1 collagen showing as red, other factors can affect
birefringence and the resulting colour under cross-polarised
lters, such as bril thickness and the availability of free
basic amino acid binding sites. The sulfonic acid groups of the
picrosirius red dye molecule bind to the free amino acid resi-
dues on collagen, as do the aldehyde groups of glutaraldehyde;
therefore binding of glutaraldehyde to these sites will inhibit
dye binding and may result in decreased birefringence. The
presence of colours other than red in the glutaraldehyde treated
samples does not therefore indicate other types of collagen
present, but rather, modication to the type I collagen.44–46

3.3 Tensile properties

The tensile properties of the pericardia samples had high vari-
ability (Fig. 5, Table 1). There is a foot region of variable length
followed by an approximately linear region until the material
reached its ultimate tensile stress and broke (the failure region
is not shown). The chondroitinase treatment perhaps increases
the elastic modulus, in agreement with other studies,17 however
with the small sample size this difference cannot be considered
statistically signicant (P ¼ 0.043, t ¼ �1.9, for a ¼ 0.05). The
stress at failure may be higher for glutaraldehyde, also in
keeping with other studies,20,21 but this also cannot be consid-
ered statistically signicant (P ¼ 0.012, t ¼ �3.1, for a ¼ 0.05).
The only statistically signicant difference between the
mechanical properties of the treatment types is the strain at
failure, which is higher for the glutaraldehyde treated material
(P ¼ 0.026, t ¼ �2.6 for a ¼ 0.05).

3.4 SAXS

The pericardium gives good scattering patterns with clearly
dened diffraction rings due to the d-spacing periodicity
(Fig. 2). The integrated intensity plots show well dened peaks
corresponding to the collagen D-period (Fig. 3). The odd
numbered peaks have a much higher intensity than the even
numbered peaks, a characteristic attributed to a fully hydrated
sample.47 This provides some reassurance that the samples are

Fig. 4 GAG assay for pericardium for triplicate samples (error bars
for 95% confidence intervals). Pairs that are significantly different (P <
0.001 for a ¼ 0.05) are shown by a *.

Fig. 5 Stress–strain curves for native pericardium (blue thick lines);
chondroitinase ABC treated pericardium (red dotted lines); glutaral-
dehyde treated pericardium (black thin lines).
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maintained in the hydrated state during collection of the
diffraction patterns, as intended.

3.5 OI

The distribution of orientation of the brils can be seen with a
plot of the intensity (we use the peak area) of any of the collagen
diffraction peaks (Fig. 7). A narrow peak in this plot is indicative
of more highly aligned collagen brils, as seen for the native
and chondroitinase treated tissue, whereas broader peaks such
as that for glutaraldehyde indicate a more isotropic arrange-
ment. This can be quantied as an orientation index, OI. We
calculate rst an orientation angle (OA) which is dened as the
minimum angle which contains 50% of the brils.48 From this
the OI is calculated as (90� � OA)/90�.

The OI calculated for the three treatments provide different
average OI values (Table 2, Fig. 8). There is a statistically
signicant difference in the OI between the glutaraldehyde
treated material and the other two materials but the difference
in the OI between the native and chondroitinase treated peri-
cardium does not pass the signicance test. Previously we have
compared chondroitinase ABC treatment for 48 h and 24 h with
diffraction patterns recorded and analysed, however the OI
obtained from the 48 h treated samples was not signicantly
different from that obtained aer 24 h, probably indicating that
most of the GAGs were removed already by 24 h of treatment
(not shown here).

3.6 Atomic force microscopy

Atomic force microscopy provided clear images of collagen
brils on the brous (outer) surface of the pericardium (Fig. 9).
AFM provides small area images of a diverse surface so that
unbiased selection of images can be difficult. We have selected
one image of each material that is generally representative of
that sample. The glutaraldehyde treated sample clearly had
more of a collagen bril network with brils not so oen seen in
parallel. In contrast the native material and the pericardium

treated with chondroitinase ABC contained many aligned
collagen brils.

4. Discussion

We have found an effect on collagen bril alignment with cross
linking. Native tissue containing GAG cross links has a
moderate degree of bril alignment. When these cross links are
removed by treatment with the enzyme chondroitinase ABC the
alignment of the brils does not show a signicant change.
When cross links are added, in the form of glutaraldehyde, the
alignment of the brils decreases, becoming more isotropic
with a network like structure forming. These changes do not
appear to be associated with a change in crimp. Glutaraldehyde
cross links therefore appear to have a direct effect on the
arrangement of the collagen brils whereas native GAG cross

Fig. 6 Picrosirius stained sections of pericardium treated with (a) chondroitinase ABC; (b) native; (c) glutaraldehyde.

Table 1 Tensile properties of pericardium (with 95% confidence intervals)

Sample Elastic modulus in linear region (MPa) Stress at failure (MPa) Strain at failure (%)

Native 40 � 12 10.2 � 2.2 60 � 17
Chondroitinase ABC 52 � 13 10.8 � 2.7 60 � 9
Glutaraldehyde 50 � 6 12.8 � 1.1 79 � 10

Fig. 7 Representative azimuthal intensity variation plots of the fifth
collagen D-period diffraction peak for pericardium. The width of the
central peak represents the spread in fibril orientation. Solid line,
glutaraldehyde; dotted line, native; dashed line, chondroitinase ABC.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 3611–3618 | 3615
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links do not have a statistically signicant effect on alignment
for tissue that is not under any mechanical load.

Glutaraldehyde has long been used as a cross linking agent
for collagen, reacting primarily with 3-amino groups of lysine
and hydroxylysine located on the outer surface of the triple helix
region. Such links have been reported to occur both intramo-
lecularly and intermolecularly depending on the treatment
conditions and may involve some polymerisation of the
glutaraldehyde to link greater distances.49–51 Here we have
shown that this network structure means not just a cross linked
network of collagen but that the collagen brils also rearrange
into a less aligned, more isotropic network structure under the
action of glutaraldehyde cross linking without the application
of external force. This chemically induced restructuring results
in a decrease in the OI.

We have not specically investigated the heterogeneity with
depth, however the treatment time was ample to enable
glutaraldehyde to penetrate the tissue fully.50 In other work on
glutaraldehyde treatment of pericardium, the variation of OI
with depth through the glutaraldehyde treated pericardium
tissue has been investigated and the OI did not vary greatly
throughout the thickness, although a comparison was not been
made with untreated pericardium.52

In contrast to glutaraldehyde cross links, proteoglycan
(containing GAG) cross links are reported to occur solely on the
outer surface of collagen brils, forming both axially and
orthogonally with the majority located orthogonally between
adjacent brils by the interaction of GAG side chains localised
on the surface of collagen brils in mature tissues.53,54 More
specically, it is believed proteoglycan cross links are associated
with the gap region of the collagen d-spacing, binding to a
single tropocollagen molecule.53,54 We propose that these GAG
bridges do not constrain the brils in a somewhat unaligned
network structure in a higher energy state; these links appear
only to form between adjacent brils at specic locations.
Removal of these links therefore does not result in relaxation of
some kind and brils do not spontaneously realign into a lower
energy state and adopt some sort of preferred alignment.
However, we suggest that the removal of the GAG links by
chondroitinase ABC may give the potential for brils in the
treated pericardium to become more easily aligned under
tension.

This understanding of structural changes with treatment
also has consequences for the preparation of materials for
medical applications such as the treatment of bovine pericar-
dium for heart valve repair, or ovine forestomach extracellular
matrix material for surgical scaffolds.55 The modications
imposed on the native tissue due to the processing of the
material, sometimes including glutaraldehyde cross linking,

Table 2 Orientation index obtained for pericardium samples

Sample Number of diffraction peaks analysed (N) Mean OI 95% condence interval

Chondroitinase ABC 27 0.208 0.032
Native 36 0.192 0.021
Glutaraldehyde 27 0.117 0.021

Fig. 8 Orientation index for each of the three levels of cross linking
(error bars for 95% confidence intervals). Pairs that are significantly
different (P < 0.001 for a ¼ 0.05) are shown by a *.

Fig. 9 Atomic force microscopy height images for (a) native bovine pericardium (b) chondroitinase ABC treated pericardium (c) glutaraldehyde
treated pericardium. Images are 5 mm square.
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may be better understood in terms of the structural changes
that lead to altered physical properties. A careful balance of
cross linking is then is required to achieve the properties
required for in-service applications.

5. Conclusions

We have found that the extent and nature of cross linking
present in pericardium has an impact on the collagen bril
orientation. When additional cross links with glutaraldehyde
are added the brils form more of a network structure. We
suggest that formation of cross links via glutaraldehyde addi-
tion progressively constrains the brils into a random network.
The relationship between cross linking and bril alignment
provides a perspective on the importance of cross links in
determining the structure of tissues. This could have relevance
both in the preparation of new biomaterials and in the under-
standing and treatment of ageing and disorders in human
tissues.
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Type I collagen is the main structural component of skin, tendons, and skin products, such as

leather. Understanding the mechanical performance of collagen fibrils is important for

understanding the mechanical performance of the tissues that they make up, while the

mechanical properties of bulk tissue are well characterized, less is known about the mechanical

behavior of individual collagen fibrils. In this study, bovine pericardium is subjected to strain

while small angle X-ray scattering (SAXS) patterns are recorded using synchrotron radiation.

The change in d-spacing, which is a measure of fibril extension, and the change in fibril diameter

are determined from SAXS. The tissue is strained 0.25 (25%) with a corresponding strain in the

collagen fibrils of 0.045 observed. The ratio of collagen fibril width contraction to length exten-

sion, or the Poisson’s ratio, is 2.16 0.7 for a tissue strain from 0 to 0.25. This Poisson’s ratio

indicates that the volume of individual collagen fibrils decreases with increasing strain, which is

quite unlike most engineering materials. This high Poisson’s ratio of individual fibrils may con-

tribute to high Poisson’s ratio observed for tissues, contributing to some of the remarkable prop-

erties of collagen-based materials. VC 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4906325]

I. INTRODUCTION

Type I collagen is a key structural material in animals.

It is the main structural component of skin and tendons.

Type I collagen is also important in products made from

animal skin, or related tissues, such as leather and extracel-

lular matrix scaffolds for surgical applications.1,2 Type II

collagen has a fairly similar fibril structure to type I colla-

gen, although with more branching and cross-linking, and is

the main structural component of tissues, such as cartilage,

therefore parallels may be drawn between type I and type II

collagens. The mechanical properties of collagen-based

materials are central to the natural and industrial uses of

these materials and have been studied in a variety of

tissues.

The bulk mechanical properties of tissues have been

well characterised, including measurements of Poisson’s ra-

tio. Poisson’s ratio, �, is the ratio of transverse strain DW/W

(where W is width of a cube or bar) to longitudinal strain

DL/L (where L is the length of a cube or bar) in the loading

direction

� ¼ � DW=Wð Þ
DL=L

: (1)

For isotropic materials, � > 0.5 is excluded on theoreti-

cal grounds, however, fibrillar collagen is anisotropic. When

� > 0.5 for a material under tension, the volume decreases as

the tissue is strained. A wide range of values of � have been

measured for type I and II collagen materials in compression

and tension, with many of these giving � > 0.5. These

include tendon under compression3 with �¼ 0.8, spinal dura

mater under uniaxial tension �¼ 0.5–1.6 depending on the

direction of the tissue section taken,4 bovine articular carti-

lage in compression5,6 � ¼ 0.15–0.20 and 0.16 measured by

microindentation,7 and human patellar cartilage measured in

tension8 �¼ 0.6–1.9. The Poisson’s ratio in tendon fascicles

has been shown to increase with stress9 up to �¼ 4 and in

articular cartilage up to �¼ 1.2 with increasing strain.10

While the mechanical properties of tissue have been

well characterized, the mechanical properties of individual

collagen fibrils that constitute the tissue are less well known.

Collagen fibril diameter has been shown to have some influ-

ence on tissue strength.11,12 In addition, proteogylcan con-

nections between collagen fibrils in tendon subjected to

tensile stress have been suggested as contributing to the

strength of the tissue.13,14 Examination of individual colla-

gen fibrils in rat tail tendon with atomic force microscopy

can yield an estimate of the Poisson’s ratio measured in com-

pression in a transverse direction.15,16

Modeling of the crimp present in many collagen tissues,

such a tendon and ligament or helical structure of the fibrils,

has suggested that these features could explain much of the

high Poisson’s ratio of the tissue composed of collagen.17 It

has also been suggested that in tendon, the strain may be

taken up by sliding of fibrils within the tendon rather than by

extension of the collagen fibrils.18 In leather, where there isa)r.haverkamp@massey.ac.nz
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very little crimp, the reorientation of fibrils may be an impor-

tant mechanism for absorbing strain.19,20

Here, the behavior of individual fibrils of collagen I as

strain is applied is studied using small angle X-ray scattering

(SAXS) to simultaneously measure the fibril length exten-

sion and fibril diameter contraction. Bovine pericardium is

used as a model material for this work because it is elastic

and strong and has application in medical devices.21

II. MATERIALS AND METHODS

Fresh bull (Charolais Cross) pericardium samples were

obtained from John Shannon, Wairapara, New Zealand,

within 2 h of slaughter. The tissue was cut into rectangles ca.

50mm � 6mm, with the long axis aligning with the long

axis of the heart. The pericardium was washed for 24 h in a

1% octylphenol ethylene oxide condensate (Triton X-100,

Sigma), 0.02% EDTA solution made up in phosphate buf-

fered saline (PBS) (Lorne Laboratories Ltd).22 The samples

were stored in PBS. SAXS diffraction patterns were recorded

at room temperature while the pericardium was wet.

For transmission electron microscopy (TEM), samples

were fixed with 2% formaldehyde and 3% glutaraldehyde in

phosphate buffer, post fixed with 1% OsO4 and dehydrated

using an acetone/water series. The sections were stained with

uranyl acetate and then with lead citrate and examined with a

Philips CM10 TEM (Philips, Eindhoven, The Netherlands).

These show the collagen fibrils with the d-banding visible

(Fig. 1).

A stretching apparatus was built as described previ-

ously.19 A linear motor, Linmot PS01 48 � 240/30� 180-C

(NTI AG, Switzerland), was mounted on a purpose-built

frame. Clamps to hold the pericardium were fitted between

the linear motor and a L6D OIML single-point loadcell

(Hangzhou Wanto Precision Technology Co., Zhejiang,

China). The pericardium was mounted horizontally without

tension. The sample (30mm between jaws) was stretched in

1mm increments to take up the slack until a force was just

registered by the loadcell, then backed off so that it was not

under tension. Diffraction patterns were collected in a

0.5mm grid of eight points. The sample was stretched in

1mm increments and maintained for 1min at each extension

to stabilize before SAXS patterns, the extension and the

force information were recorded. This process was repeated

until the sample failed, with the interval between strain

increments around 8–13 min.

The diffraction patterns were recorded on the Australian

Synchrotron SAXS/WAXS beamline which uses a high-

intensity undulator source. An X-ray energy of 12 keV was

used with energy resolution of 10�4 (e.g., 1� 10�4 for 1 radi-
ation) from a cryo-cooled Si(111) double-crystal monochro-

mator with a beam size (FWHM focused at the sample) of

250� 80lm, and a total photon flux of about 2� 1012ph s�1.
A Pilatus 1M detector with an active area of 170� 170mm

and a sample-to-detector distance of 3371mm was used.

Exposure time was 1 s and data processing was carried out

using the SAXS15ID software.23 Each data point presented is

the average from of a minimum of eight diffraction patterns

recorded on a grid of positions on the sample.

Fibril diameters were calculated from the SAXS data

using the Irena software package24 running within Igor Pro.

The data were fitted at the wave vector Q, in the range of

0.01–0.04 Å�1 and at an azimuthal angle which was 90� to

the long axis of most of the collagen fibrils. This angle was

selected by determining the average orientation of the colla-

gen fibrils from the azimuthal angle for the maximum inten-

sity of the d-spacing diffraction peaks. The “cylinder AR”

shape model with an arbitrary aspect ratio of 30 was used for

all fitting. We did not attempt to individually optimize this as-

pect ratio and the unbranched length of collagen fibrils may

in practice have a length that exceeds an aspect ratio of 30.

The d-spacing was determined from the position of the

centre of a Gaussian curve fitted to the 9th order diffraction

peak taken from the integrated intensity plots from the azi-

muthal range from 45� to 135�. The orientation index (OI) is

defined by

OI ¼ ð90� � OAÞ=90�; (2)

where OA (orientation angle) is the minimum azimuthal

angle range that contains 50% of the fibrils, based on the

method of Sacks for light scattering25 but converted to an

index,26 using the spread in azimuthal angle of one or more

d-spacing diffraction peaks. The OI is used to give a measure

of the spread of fibril orientation (an OI of 1 indicates the

fibrils are parallel to each other; 0 indicates the fibrils are

randomly oriented).

III. RESULTS AND DISCUSSION

The integrated intensity plots show well-defined peaks

corresponding to the collagen d-period (Fig. 2). The odd num-

bered peaks have a much higher intensity than the even num-

bered peaks, a characteristic attributed to a fully hydrated

sample.27 At right angles to the direction of alignment, the

d-peaks are not as apparent, and the scattering results from the

fibril diameter distribution. The diffraction that is no longer

present at an azimuthal angle rotated by 90� is due to the

d-banding, while the broader features that remain or enhanced

are due to the fibril diameter or fibrillar spacing.

The stress-strain curve recorded from the in-situ stretch-

ing is shown in Fig. 3. The maximum strain obtained beforeFIG. 1. Transmission electron microscopy of pericardium.
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rupture was 25%. The time dependency of the stress-strain

curve was not considered as it has been found not to affect

elastic properties4 and the time between each data point was

approximately constant.

There are two stages in the structural changes at the col-

lagen fibril level we observe. In the first stage (up to a strain,

fractional change in length, of about 0.09), we observe is a

decrease in collagen fibril diameter with a small increase in

d-spacing and a large increase in OI. During this stage, the

strain is taken up by reorientation of the fibrils. Pericardium

has a marked crimp so that a portion of the observed OI can

be due to crimp. It is trivial to show that the shape of the

curve from which the OI is derived, if the crimp takes a sinu-

soidal shape, should have the form

I ¼ A sinð/Þ cosð/Þ; (3)

where I is the diffraction peak intensity, / is the azimuthal

angle, and A is the magnitude of the crimp. It has been

shown elsewhere that, during biaxial strain crimp is main-

tained,28 therefore we believe the change in OI is largely due

to fibril reorientation rather than straightening of crimp.

During the second stage of strain, there is no significant

change in the OI but the d-spacing increases markedly (fibril

length) and the fibril diameter decreases (Fig. 4). The

d-spacing can be thought of as an internal strain gauge for the

collagen fibrils with an increase in d-spacing, indicating an

increase in stress on the fibril. At a tissue strain above 0.15, the

fibrils continue to stretch but there is a decrease in fibril diame-

ter plateaus. From the unstrained state to the maximum strain

state, the d-spacing increases from 66.13 nm to 69.12 nm, a

change of 2.99 nm or 4.5%. The OI increases from 0.53 to

0.75 (at a strain of 0.09) and then is stable at around 0.80 at

higher strain values (Fig. 4). Fibril diameter decreases from

62.1 nm for the unstretched collagen to 55.4 nm at the maxi-

mum strain experienced (Fig. 4), a decrease in 6.7 nm or

10.8%. At first, while the fibril diameter changes, there is little

change in d-spacing, then at higher strain, as the fibril diameter

decreases, the d-spacing increases.

During this second stage of strain, the change in

d-spacing strain (fibril strain) is about 30% of the whole tis-

sue strain. This shows that the strain in the tissue is taken up

partly by the strain in the collagen fibrils, as has been

observed with light scattering28 and partly by the tissue

strain being transferred to interfibrillar sliding or rearrange-

ment of the fibrils. By contrast, in weak ovine leather (data

taken from published work19), our calculations of fibril strain

versus leather strain give 10% d-spacing strain to whole tis-

sue strain for leather. The collagen fibrils in leather are less

aligned than in pericardium, allowing more possibility for

realignment. For rat tail tendon, this ratio is 40% for the sec-

ond (linear) region of the strain curve,29 perhaps reflecting

the high alignment of collagen in tendon.

From the d-spacing change and fibril diameter change,

we calculate the Poisson’s ratio. Since � is defined for a

cube, we correct the ratio by
ffiffiffi

p
p

/2 to account for the approx-

imately cylindrical shape of the collagen fibril (in order to

retain the property that a Poisson’s ratio of 0.5 represents a

material in which the volume does not change with strain).

So that the equivalent Poisson’s ratio, �0, can be calculated

for a rod with diameter D by

�0 ¼ �
ffiffiffi

p
p

=2 DD=Dð Þ
DL=L

: (4)

For collagen in bovine pericardium, at low strain, the

Poisson’s ratio appears to have a very high value (15–27),

but for strain above 0.09, the Poisson’s ratio is in the range

2.1–2.8. For the total strain (from 0 to 0.25), the change in

FIG. 2. Representative integrated scattering pattern of pericardium. Solid

line—at an azimuthal angle segment centered 90�, which is used for assess-

ing d-spacing; dashed line—at an azimuthal angle segment centered on 0�,
which is used for fibril diameter.

FIG. 3. Stress-strain curve measured on pericardium during in situ SAXS

measurements.

FIG. 4. d-spacing (long dash, blue), fibril diameter (short dash, red), and OI

(solid, green) changes with increasing strain. Lines are a guide for the eye only.
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d-spacing and diameter gives �0 ¼ 2.16 0.7 (these values of

�0 can be calculated from Fig. 4). The �0> 0.5 could be due

to tighter packing within the fibril under strain, which may

include compression of hydrogen bonding in the fibril,

microfibril, or tropocollagen. The extension of the fibrils

with increasing strain has previously been ascribed largely to

the sliding of the tropocollagen within the fibrils, resulting in

an increase in the gap region, rather than to the extension of

the tropocollagen molecules that constitute the fibrils.30 We

note that the stress-strain curve does not show a marked foot

region, it does not exhibit a low Young’s modulus at low

strain, which suggests that an entropic straightening of the

fibrils may not be a major factor in the strain of the material.

We can know, because of the evidence provided by the OI,

that this Poisson’s ratio we measure must be due largely to

stretching of the fibrils and not to changes in crimp. A straight-

ening of crimp must result in an increase in OI (as can be

derived from the relationship represented by (2)), and there was

no large increase in OI after the first 0.05 strain and therefore

there must be no change in crimp above 0.05 strain.

Using data from a recently published atomic force

microscope study on tendon,31 we calculate �0 ¼ 1.9 (tendon

was stretched by 15%), similar to the value we find from our

measurements.

IV. CONCLUSIONS

While it has previously been shown that bulk materials

based on collagen may have � > 0.5, we have provided ex-

perimental evidence that the collagen fibrils also may have

�0> 0.5. Therefore, this property of collagen fibrils may con-

tribute to the bulk properties of the tissue.

Previously, it has been proposed that much of the high

Poisson’s ratio of tendon and cartilage is due to the volume

loss from fluid exudation32 although specific attempts to

measure this have not always shown water to be exuded.10,33

We now demonstrate that there is a contribution to the high

Poisson’s ratio of the tissue from the high Poisson’s ratio of

the collagen fibrils. This does not exclude the possibility that

water is exuded from the fibrils.
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ABSTRACT: As hides and skins are processed to produce leather, chemical and physical changes take place that affect the
strength and other physical properties of the material. The structural basis of these changes at the level of the collagen fibrils is
not fully understood and forms the basis of this investigation. Synchrotron-based small-angle X-ray scattering (SAXS) is used to
quantify fibril orientation and D-spacing through eight stages of processing from fresh green ovine skins to staked dry crust
leather. Both the D-spacing and fibril orientation change with processing. The changes in thickness of the leather during
processing affect the fibril orientation index (OI) and account for much of the OI differences between process stages. After
thickness is accounted for, the main difference in OI is due to the hydration state of the material, with dry materials being less
oriented than wet. Similarly significant differences in D-spacing are found at different process stages. These are due also to the
moisture content, with dry samples having a smaller D-spacing. This understanding is useful for relating structural changes that
occur during different stages of processing to the development of the final physical characteristics of leather.

KEYWORDS: leather, collagen, small angle X-ray scattering, orientation

■ INTRODUCTION

The leather-making process is a way of preserving skins to stop
decomposition and to provide a strong and flexible material.
The process consists of a series of chemical treatments and
some mechanical processes. Each of the chemical treatments
alters the composition of the original skin, for example,
extracting components from the native skin or adding
components such as cross-linking agents. In addition to
changes in the chemistry of the collagen, which are well-
known, it is possible that each of these processes may have an
effect on the collagen structure as well, although little
information has been presented on this to date.
The leather-making process consists of eight main stages,

which are referred to by a variety of names in the industry, but
here these are designated as fresh green, salted, pickled,
pretanned, wet blue, retanned, dry crust, and dry crust staked.
The “fresh green” is the skin after removal from the carcass.
Skins are normally salted as a way of temporarily preserving the
skin before tanning. The salt acts to slow bacterial growth by
reducing water activity. Salting causes some dehydration of the
skins. The “salted” is the skin after salting for preservation. The
next stage of the leather-making process is the removal of the
salt by soaking and washing the skins (where the skin becomes
rehydrated) followed by an alkali treatment carried out in the
presence of sodium sulfide (“liming”) combined with suitable
enzymes (“bating”), which together break down and remove
some of the nonfibrous proteins, glycosaminoglycans, and other
undesirable components. It is also said to “open up” the
structure of the leather to enable better penetration of tanning
chemicals in subsequent stages. After the alkaline treatment
stage, the skin is typically adjusted back to a lower pH and is
acidified in sulfuric acid and sodium chloride. After this stage

the skin is referred to as “pickled”. A synthetic, organic cross-
linking agent and surfactant are often added at this point, which
may assist with the subsequent chrome tanning stage.
Stabilizing agents are often added to the pickle to raise the
denaturation temperature of the collagen and thus enable skin
fat to be removed more efficiently at higher temperatures. The
skins at this stage are called “pretanned”. After the natural skin
fats are removed, the pretanned pelts are tanned using
chromium sulfate. The skin after chromium tanning is called
“wet blue”. Chrome-tanned leather tends to be too rigid for
most applications, so there is normally a second tanning stage
using natural vegetable tannins or synthetic tannins to make the
final leather feel softer and “fuller”. After this second tanning
stage, the skin is called “retanned”. At this stage dyes, fat
liquors, and modified fats or oils are added to complete the
look and feel of the leather. After this “fat liquoring”, the leather
is dried and is called “dry crust”. The leather is then
mechanically softened or “staked” and is referred to here as
“dry crust staked”.
Previously it has been shown that small-angle X-ray

scattering (SAXS) can provide detailed structural information
on the microfibril orientation, the D-spacing, and the collagen
fibril diameter in leather1−3 and other tissues.4,5

The chemical treatments used to produce leather from skin
and hide may result in changes to the structure of the collagen
fibrils and the arrangement of these fibrils. These chemical
processes include strong salt solutions, large changes in pH,
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enzymatic treatments to remove cross-links, and new cross-
links being formed. An overview of tanning chemistry has been
presented.6 Some aspects of chemical treatments of skins and
their effect on structure have been observed previously with
liming of skins (increasing the pH with calcium hydroxide)
showing a decrease in the D-spacing of collagen.7 Dehydration
of parchment has been shown to result in a decrease in collagen
D-spacing from 64.5 to 60.0 nm.8 Pickling and retanning agents
have been shown to swell collagen fibers at low pH.9 At low
ionic strength and nonisoelectric pH, charge-dependent
interactions (screening and selective ion adsorption) are
prevalent in maintaining the collagen architecture,10 which is
also reflected in the greater thermal stability of collagen at low
pH11 and in the elastic response of collagen.12

In this work, we use SAXS to investigate the changes that
take place in the microstructure of leather through the different
stages of processing from skin to leather. The structural basis of
these changes at the level of the collagen fibrils is not fully
understood and forms the basis of this investigation.

■ EXPERIMENTAL PROCEDURES
Ovine pelts were obtained from 5-month-old, early-season New
Zealand Romney cross lambs. Samples were removed from the same
skin during several stages of processing at or near the “official sampling
position” (OSP).13 These stages were termed fresh green, salted,
pickled, pretanned, wet blue, retanned, dry crust, and dry crust staked.
Cross sections were cut parallel to the backbone and as close together
as possible. The samples, except for dry crust and dry crust staked, all
had high moisture contents because these were taken during
processing.
Conventional beamhouse and tanning processes were used to

generate the leather. A pelt was depilated using a caustic treatment,
and then the residual keratinaceous material was removed. The pelt
was washed, pretanned, and degreased using 4% (w chemical/w limed
leather for all percent chemical additions unless otherwise stated)
Tetrapol LTN (Shamrock Group) and 2% Zoldine ZE (The Dow
Co.). Sodium formate was added followed by sodium bicarbonate,
which was gradually added to increase the pH to 7.5−8. The pickled
pelt was then chrome tanned.
The resulting “wet blue” pelt was first neutralized, then washed, and

retanned using 2% w/w synthetic retanning agent (Tanicor PW,
Clariant, Germany) and 3% w/w vegetable tanning material (mimosa,
Tanac, Brazil). Fat liquor was added at a concentration of 6% by
weight of wet leather and the leather processed at 50 °C for 45 min.
Finally, the leather was fixed by the addition of 0.5% w/w formic acid
and processed for 30 min followed by draining and washing.
Tear strengths of the leathers were tested using standard

methods.14,15 Samples (strips 1 × 50 mm) were tested on an Instron
4467. “Dry” samples were conditioned at 23 °C and 50% relative
humidity for 24 h before testing following the standard method.16

“Wet” samples were in contact with free liquid up to the point at which
they were tested.
Diffraction patterns were recorded on the Australian Synchrotron

SAXS/WAXS beamline, utilizing a high-intensity undulator source.
Energy resolution of 10−4 was obtained from a cryo-cooled Si (111)
double-crystal monochromator, and the beam size (fwhm focused at
the sample) was 250 × 80 μm, with a total photon flux of about 2 ×
1012 ph s−1. All diffraction patterns were recorded with an X-ray energy
of 11 keV using a Pilatus 1 M detector with an active area of 170 × 170
mm and a sample-to-detector distance of 3371 mm. Exposure time for
diffraction patterns was 1 s, and data processing was carried out using
SAXS15ID software.17 The partially processed leather samples were
sandwiched between kapton tape to prevent drying and mounted for
X-ray analysis.
A custom-built stretching apparatus was built for in situ SAXS

measurements as described elsewhere.18 Strips of leather, 1 × 30 mm,
cut from the OSP, were mounted horizontally without tension and

without slack, with a measured separation between the jaws, typically
of 15 mm. SAXS patterns were taken through the full thickness of the
sample and the force and extension information recorded. The sample
was stretched by 1 mm and was maintained at this extension for 1 min
before patterns were recorded. This process was repeated with the
sample stretched a further 1 mm each time until the sample failed.

Orientation index (OI) is defined as (90° − OA)/90°, where OA is
the azimuthal angle range that contains 50% of the microfibrils
centered at 180°. OI is used to give a measure of the spread of
microfibril orientation (an OI of 1 indicates the microfibrils are
completely parallel to each other; an OI of 0 indicates the microfibrils
are completely randomly oriented). The OI is calculated from the
spread in azimuthal angle of the most intense D-spacing peak (at
around 0.059−0.060 Å−1).19

The D-spacing was determined from Bragg’s law by taking the
center of a Gaussian curve fitted to the sixth-order diffraction peak of
an integrated intensity plot for each spectrum.

■ RESULTS
Orientation Index Changes. The OI of the corium region

is higher than that of the grain region throughout all of the
processing stages (Figure 1). Whereas there is considerable

variation in the OI during processing, the OI of the final staked
dry crust leather is fairly similar to that of the fresh green skin
so that overall there is not a large change in OI.

Orientation Index and Thickness. The thickness of the
skin or leather varies by a factor of >2 during processing. With
this variation of thickness there is a change in OI (Figure 2).
The stages appear to be in two groups with the dry samples
(salted, pretanned, dry crust, and dry crust staked) in one group
of lower OI, which decreases with increasing thickness, and the
wet samples (pickled, wet blue, retanned, and fresh green) in
another group of higher OI that decreases with increasing
thickness.

D-Spacing with Processing and pH. Significant changes
are observed in the D-spacing of the collagen fibrils with the
application of each process step (Figure 3). Both the corium
and the grain regions of the leather have similar D-spacings and
are similarly affected by the processing. The most significant
change in D-spacing occurs with pretanning, when there is a
contraction of the D-spacing of 1.4−1.5 nm (2%). The pH of
the solutions in which each process takes place does not appear

Figure 1. Variation in orientation index for all stages of processing:
(red triangles) corium; (blue squares) grain; (black circles) average.
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to correlate with the D-spacing (Figure 4). For fresh green and
salted skins the pH was measured by a surface probe rather

than the process liquor as used in the later stages. Although
there is not a correlation of D-spacing with pH, it appears that
there is a relationship between D-spacing and the moisture
content. The three dry samples have a lower D-spacing than the
wet samples.
Orientation Index and pH. The OI appears to be

correlated with pH (Figure 5) (linear regression: r2 = 0.335, t

= −1.74, P = 0.133). However, as discussed later in the paper,
we believe this correlation is not a causal relationship.

D-Spacing and Orientation Index. A correlation is
observed between OI and D-spacing (Figure 6). The

correlation is statistically significant (linear regression: r2 =
0.485, t = 2.4, P = 0.055). However, as is discussed later in the
paper, we believe this correlation is not a causal relationship.

Stress−Strain. Stress−strain curves were measured in situ
at the synchrotron during SAXS data collection (Figure 7). The
samples were not of a uniform width, so an absolute
comparison of the modulus of elasticity from these curves is
not possible. However, it is possible in a very general way to
compare the shapes of the curves. Most of the samples show a
toe region, with an initial lower elastic modulus, followed by a
linear region.

Orientation Index and D-Spacing with Mechanical
Stretching. There is an increase in D-spacing as the skin or
leather samples are stretched (Figure 8). This increase in D-
spacing is a measure of the stress being transferred to the
individual fibrils, causing their length to increase. An increase in
OI on stretching is also found (Figure 9) as the collagen fibrils
realign in the direction of the applied force (values for the D-
spacing and OI changes are found in the Supporting
Information). At every stage of the leather processing, a strain
applied to the samples results in an increase in OI.

Figure 2. Fibril orientation index versus thickness.

Figure 3. Variation in D-spacing and pH between different stages of
processing prior to stretching: (triangles) corium; (squares) grain;
(circles) pH.

Figure 4. Variation of D-spacing with pH (wet blue and retanned
points are coincident).

Figure 5. Correlation of OI with pH.

Figure 6. D-spacing versus OI for samples of different stages of
processing when held without tension.
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■ DISCUSSION
We have measured the changes to the structure and
arrangement of collagen fibrils in skin during several stages of

the chemical processing to form leather. These build a picture
of what happens in the process of transforming skin to leather.

Model of Orientation Index Change with Thickness.
At the different stages of the processing of skin to leather, the
thickness of the skin varies, at times becoming thicker and at
other times thinner. The variation in thickness amounted to a
factor of 2.25. If the collagen fibrils are not lying flat, then as the
thickness of the leather increases, the angle of these fibrils to
the plane of leather will increase (Figure 10). This will cause a

change in OI. We have therefore developed a model for the
change in OI with thickness changes. This enables us to
determine how much of the OI change is due just to the change
in thickness and how much is due to other factors.
The range of fiber angles in a sample is given by the OI,

which is derived from the orientation angle, OA.1 OA is defined
as the subtended angle that contains half the fibrils; that is, it
satisfies eq 1.

∫
∫

θ θ

θ θ
= θ

θ

θ
θ
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=− °
= °
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d

d
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N is the number of fibrils, and θ is the fiber angle (relative to
the plane of the leather). In practice, this is determined from
the SAXS diffraction pattern by the integrated intensity versus
azimuthal angle for one of the D-spacing diffraction peaks, eq 2:
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I is the diffraction intensity of a selected D-spacing diffraction
peak above a fitted background, and φ is the azimuthal angle of
the diffracted X-rays.
OI is derived from OA by eq 3.

= −
OI

1 OA
OA (3)

Therefore, for perfect alignment in the reference direction,
which is normally the plane of a piece of leather or skin, OI = 1;
for no alignment or completely isotropic fibrils, OI = 0; and for
perfect alignment at right angles to the reference direction, OI
= −1.
If a sample of leather containing a fiber expands in thickness

uniformly, and the fiber is at an angle θ1 from the base (Figure
10), then the new angle of the fiber, θ2, depends on the change
in thickness by eq 4.

θ
θ

=T
T

tan
tan

2

1

2

1 (4)

T1 is the original thickness, and T2 is the new thickness.
Rearranging eq 4 for θ2 gives the new angle of the fiber after

the leather has increased in thickness:

Figure 7. Stress−strain curves for each process stage, performed in situ
concurrently with the SAXS measurement (not normalized for sample
width or thickness): (black circles) fresh green; (red circles) salted;
(green downward triangles) pickled; (yellow upward triangles)
pretanned; (magenta squares) wet blue; (blue squares) retanned;
(turquoise diamonds) dry crust; (gray diamonds) dry crust staked.

Figure 8. Changes in collagen D-spacing as samples of partially
processed skin are stretched: (black circles) fresh green; (red circles)
salted; (green downward triangles) pickled; (yellow upward triangles)
pretanned; (blue squares) wet blue; (magenta squares) retanned;
(turquoise diamonds) dry crust; (gray diamonds) dry crust staked.

Figure 9. Changes in collagen fibril OI as samples of partially
processed skin are stretched: (black circles) fresh green; (red circles)
salted; (green downward triangles) pickled; (yellow upward triangles)
pretanned; (blue squares) wet blue; (magenta squares) retanned;
(turquoise diamonds) dry crust; (gray diamonds) dry crust staked.

Figure 10. Illustration of the change in collagen fibril angle θ1 to the
plane of leather as the thickness T1 of the leather changes.
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It is then possible to calculate a transformed OA after
stretching. The OA defines the subtended angle of 50% of
the fibers. Therefore, fibers that have an initial angle from the
reference angle of greater than half the OA will, after
transformation, still have an angle greater than the transformed
OA; fibers that have an initial angle lower than half the OA will,
after transformation, still have an angle lower than half the
transformed OA. In other words, the 50% inside the OA will
remain inside the OA, the 50% outside the OA will remain
outside the OA. Therefore, it is only necessary to calculate the
transformation by eq 5 of the angle that is the OA to calculate
the new OA that represents the new fiber distribution.
As an illustration of the extent of this change, for thickness

changes similar to those observed here, some values are listed in
Table 1. Note that expanding the thickness sufficiently results
in an alignment of fibers vertically (negative OI).

We did also consider how the OI might be affected by the
area change to the leather, with wet stages generally of larger
area than dry stages. This expansion of area would influence the
OI in the opposite sense to the thickness change. However, the
area change of the skin is small, <5%, and can be neglected
compared with the >100% change in the thickness.
With the thickness taken into account, the OI now reflects

any underlying structural changes that take place during the
chemical and mechanical processing of skin to leather. The OI
has therefore been recalculated for each sample using the
thinnest sample, the salted skin, as the reference, and the
adjusted results are presented in the following analysis.
Orientation Index and Water. Once the effect of

thickness on the OI is removed, it can be seen that the
samples fall into two groups (Figure 11). There are the fresh
green, pickled, wet blue, and retanned materials. These all have
a high OI (corrected for thickness relative to salted) of around
0.8. These samples are all wet. The pretanned, dry crust, and
dry crust staked all have a corrected OI of around 0.67. These
samples are all dry. The salted skin also has a low OI, of 0.62,
and it is also a dry sample. Therefore, the factor that separates
the high OI from the low OI materials is the wetness of the
samples. When these collagen materials are dried, the OI
decreases. Although it might be tempting to ascribe this to a
crimping of the collagen fibrils as the materials dry, which

would result in a lower OI, crimping in not observed in skin
(unlike in tendon or pericardium,20 for example). Therefore, by
removing the thickness effect, we have been able to identify that
there is a fundamental change between wet and dry stages, but
we have not determined the mechanism of this change. It is
suggested that a possible mechanism could be the space filling
that results from hydration creates a hindrance to the
movement of fibrils and leads to a higher OI at higher
moisture contents. At lower moisture contents there is more
space available for fibers to bend and adjust themselves into
positions resulting in lower OI.

D-Spacing and Orientation Index. Once the OI is
corrected for thickness effects, there is no longer a statistically
significant correlation between D-spacing and OI (Supporting
Information, Figure S1) (linear regression: r2 = 0.109, t = 0.855,
P = 0.426). It is known that the result of straining leather is a
straightening or alignment of the fibrils (an increase in OI) and
that D-spacing measures the stress applied to individual
fibrils.18 A correlation between OI and D-spacing during
different stages of processing would have suggested that these
were both due to changes in internal strain in leather: when
strain is released, D-spacing decreases and OI decreases.
However, this was not observed here.

D-Spacing and Water. It was found that the D-spacing is
lower in the dry samples by 0.38 nm; wet samples, which
include fresh green, pickled, wet blue, and retanned, have an
average D-spacing of 64.90 (σ = 0.46) nm, whereas dry
samples, which include salted, pretanned, dry crust, and dry
crust staked, have an average D-spacing of 64.52 (σ = 0.53) nm.
It has previously been shown by X-ray diffraction and by atomic
force microscopy that the D-spacing is moisture dependent
with a reduction in D-spacing on drying.8,21−24 This is believed
to be due to the collapse of the gap and overlap regions and the
partial shearing of unit cell contents within the gap region upon
loss of water.21

D-Spacing and pH. It is perhaps a little surprising that D-
spacing is not affected by pH. The D-period is affected both by
the length of the tropocollagen units and by the way these
tropocollagen units are assembled into the collagen fibril. The
length of these structures is partially determined by the length
of the hydrogen bonds between collagen molecules within the
tropocollagens and by hydrophobic interactions between
tropocollagen units. pH can affect hydrogen bonding, which,
in collagen and other proteins, relies on a polar interaction
between specific functional groups on amino acids.10,11

Table 1. Calculated Change in Orientation Index of
Collagen Fibrils for Different Thicknesses of Material

new OI when

starting OI T2/T1 = 1.5 T2/T1 = 2.0 T2/T1 = 2.5

0.00 −0.25 −0.41 −0.52
0.10 −0.16 −0.33 −0.44
0.20 −0.05 −0.23 −0.36
0.30 0.05 −0.13 −0.26
0.40 0.17 −0.01 −0.15
0.50 0.29 0.12 −0.02
0.60 0.42 0.27 0.13
0.70 0.56 0.43 0.31
0.80 0.70 0.61 0.52
0.9 0.85 0.80 0.75
1 1.00 1.00 1.00

Figure 11. Fibril orientation index versus thickness: (black triangles)
measured OI; (red squares) calculated OI adjusted for thickness
changes (relative to salted).
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Mechanisms for fibril elongation by chemical treatments have
previously been discussed,20,25 and it appears that pH does not
have an impact here.
Orientation Index and pH. Once the OI is corrected for

thickness, it is apparent that there is no correlation between OI
and pH (Supporting Information, Figure S2) (linear regression:
r2−0.0215, t = 0.488, P = 0.22). These instead fall into two
groups: low OI for dry samples and high OI for wet samples,
irrespective of the pH conditions.
Response to Strain. We found that when strain was

applied to the samples, both the OI and D-spacing increased. It
has previously been shown that upon stretching of leather,
collagen fibrils first realign and then lengthen (an increase in
the OI followed by an increase in the D-spacing)18 and that
collagen fibrils are very resilient with a high Poisson’s ratio.26 In
pretanned, dry crust, and dry crust staked samples, the OI
increased first after the first few increments in strain, and then
the D-spacing increased with the further strain. These samples
form a cluster at an OI of approximately 0.67 following
thickness correction. The D-spacing of the wet samples (fresh
green, pickled, wet blue, and retanned) increased with the first
application of strain. These wet samples form a cluster with an
OI of about 0.80. It is possible for the dry group to undergo
more realignment with strain than the wet group because the
dry samples have a lower OI initially and therefore more scope
for change. Therefore, in the wet samples, because less
realignment is possible, the strain was taken on by the
individual collagen fibrils sooner, as shown by the immediate
increase in D-spacing.
Cross-Linking. In the process of treating skin to produce

leather, naturally present cross-links are removed and new
cross-links are formed. The natural glycosaminoglycan cross-
links are removed in the liming and bating stages so that the
processed skin, known as pickled, should have fewer cross-links.
New cross-links are added at the pretanned and wet blue stages.
Although there have been studies on the effects of cross-linking
on fibril alignment, there have been mixed conclusions drawn
about the influence of cross-linking. It has been suggested that
cross-links may stabilize a network structure (with fewer
aligned fibrils)27,28 and that removal of cross-links may
destabilize the network structure, leading to fibrils becoming
more aligned.28 However, such behavior is not observed here
during processing, where some of the cross-linking would be
expected to be removed by the end of the pickled stage, and
then cross-links are added by the completion of the wet blue
stage.
We have found that although processing results in changes in

OI, this is not a fundamental redistribution of fibrils but is
rather a decrease in OI that occurs as the thickness increases
and also (independently of thickness) as the water content
increases. This understanding may be useful for relating
structural changes that occur during different stages of
processing to the development of the final physical character-
istics of leather. For example, if fibril orientation is critical to
strength in certain leathers, the structural relationship that
should exist between the fresh skin and the final leather is now
known, and it is possible to seek to maintain this characteristic
during processing or modify it appropriately.
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Collagen Fibril Structure and Strength in Acellular Dermal Matrix
Materials of Bovine, Porcine, and Human Origin
Hannah C. Wells,† Katie H. Sizeland,† Nigel Kirby,‡ Adrian Hawley,‡ Stephen Mudie,‡

and Richard G. Haverkamp*,†

†School of Engineering and Advanced Technology, Massey University, Private Bag 11222, Palmerston North, New Zealand
‡Australian Synchrotron, 800 Blackburn Road, Clayton, Melbourne, Victoria, Australia

ABSTRACT: Strength is an important characteristic of acellular dermal
matrix (ADM) materials used for surgical scaffolds. Strength depends on the
material’s structure, which may vary with the source from which the product
is produced, including species and animal age. Here, variations in the physical
properties and structures of ADM materials from three species are
investigated: bovine (fetal and neonatal), porcine, and human materials.
Thickness normalized, the bovine materials have a similar strength (tear
strength of 75−124 N/m) to the human material (79 N/m), and these are
both stronger than the porcine material (43 N/m). Thickness-normalized
tensile strengths were similar among all species (18−34 N/mm2 for bovine
although higher in fetal material, 18 N/mm2 for human and 21 N/mm2 for
porcine). Structure is investigated with synchrotron-based small-angle X-ray
scattering (SAXS) for collagen fibril orientation index (OI) and scanning
electron microscopy (SEM). SEM reveals a more open structure in bovine ADM than in the porcine and human material. A
correlation is found between OI and thickness-normalized tear strength in neonatal bovine material measured with the X-rays
edge-on to the sample, but this relationship does not extend across species. The collagen fibril arrangement, viewed perpendicular
to the surface, varies between species, with the human material having a unimodal distribution and rather isotropic (OI 0.08), the
porcine being strongly bimodal and rather highly oriented (OI 0.61), the neonatal bovine between these two extremes with a
bimodal distribution tending toward isotropic (OI 0.14−0.21) and the fetal bovine material being bimodal and less isotropic than
neonatal (OI 0.24). The OI varies less through the thickness of the porcine and human materials than through the bovine
materials. The similarities and differences in structure may inform the suitability of these materials for particular surgical
applications.

KEYWORDS: collagen, scaffold, ADM, ECM, strength, orientation

■ INTRODUCTION

Scaffold materials are required when a tissue is being reinforced
or replaced in a number of reconstructive surgical procedures.
These materials must meet a range of requirements such as being
immunologically compatible with the body, be readily
incorporated into living tissue, have sufficient strength to
perform the task, and have appropriate elastic properties.
These scaffold materials may be synthesized from a variety of
materials1 or produced by decellurization of native materials.
Extracellular matrix materials (ECM) derived from a wide variety
of tissues have been successfully used a scaffolds.2 ECMmaterials
derived from dermal tissues are commercially available and are
produced from a variety of species including porcine, bovine, and
human dermal tissue. The physical properties of materials
manufactured from different source materials differ, yet there is
an incomplete understanding of these differences and the
structural characteristics that lead to the differences in strength.
The mechanical properties of collagen tissue materials are due

in part to the highly fibrillar nature of type I collagen3,4 and the
tissue’s ability to respond to imposed stresses.5 Factors that have
been considered as contributing to the strength of collagenous

tissue materials include the structure of the collagen (d-spacing,
collagen type), the nature of the cross-linking between collagen,
collagen fibril diameter and collagen orientation. The fibril
arrangement can be described in terms of orientation direction
and spread. Collagen orientation (quantified as orientation
index, OI) has been investigated in the cornea,6 heart valve
tissue,7 pericardium,8,9 bladder tissue,10 skin,11 aorta,12 ovine
forestomach derived scaffold materials,13 and leather made from
animal skins.14 The arrangement of collagen fibrils in most
tissues is anisotropic due to the nonuniform requirements for
mechanical performance. It has been shown that leather’s tear
strength is correlated with collagen fibril orientation as measured
by SAXS with the X-ray beam edge-on to the sample. Specifically,
when the collagen fibrils are arranged in parallel or almost-
parallel sheets (i.e., have a high OI), the leather is stronger,15,16

although OI is also affected by the swelling of the material.17 This
relationship was observed in a large sample of ovine and bovine
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skins, including bovine pericardium,8 and across seven species of
mammals over a large range of strength (factor of 5). The
relationship between OI and strength has been explained as
being due to the high strength of the collagen fibrils in their
longitudinal axis when suitably arranged to resist the tearing
process.16

d-Spacing in collagen varies with animal age,18,19 animal
species16 and tissue type,20 and the tissue’s chemical treatment
including water and fat content.19,21−24 However, there does not
appear to be a relationship between d-spacing and the strength of
leather15,16 or rat tail tendon.25

Collagen fibril diameter may be correlated with strength in
some materials. For example, in human aortic valves, regions of
high stress may contain larger-diameter fibrils;26 in mouse
tendon, fibril diameter increases with loading;27 and in bovine
leather, higher strength material has larger fibril diameters.28

Fibril diameter may also increase with age.29

Here, we investigate the structure of acellular dermal matrix
(ADM) materials, how it differs between bovine, porcine and
human materials, and how it changes with age in bovine
materials. We attempt to develop an understanding of how ADM
structure influences the physical properties of the materials.

■ EXPERIMENTAL SECTION
Source Material. Commercial ADM materials included Strattice

Firm porcine ADM (LifeCell Corporation, US), Alloderm human ADM
(LifeCell Corporation, US) and a range of SurgiMend bovine ADM
(TEI Biosciences, US), including bovine third trimester fetal ADM and
neonatal ADM (animals less than 5 months old) with thicknesses of
approximately 1.7, 2.0, 3.0, and 4.0 mm. The Strattice and Alloderm
materials were already hydrated whereas the SurgiMend materials
required hydrating with distilled water prior to SAXS analysis or tensile
testing.
Synchrotron SAXS. Diffraction patterns were recorded on the

Australian Synchrotron SAXS/WAXS beamline, using a high-intensity
undulator source. Energy resolution of 10−4 was obtained from a cryo-
cooled Si(111) double-crystal monochromator and the beam size
(fwhm focused at the sample) was 250 × 80 μm, with a total photon flux
of about 2 × 1012 ph.s−1. All diffraction patterns were recorded with an
X-ray energy of 12 keV using a Pilatus 1M detector with an active area of
170× 170 mm and a sample-to-detector distance of 3371mm. Exposure

time for diffraction patterns was 1−5 s and initial data processing was
carried out using Scatterbrain software.30

SAXS analysis was carried out in two directions through the samples.
The X-ray beam was either passed through the flat surface of the sample
normal to the surface (here referred to as normal) or edge-on to the
sample (here referred to as edge-on or cross sections) (Figure 1). For
the edge-on measurements, because it is known that structure varies
through the thickness of a sample, structure was analyzed at intervals of
typically 0.15 mm through the whole thickness of each sample.

Fibril Diameter. Fibril diameters were calculated from the SAXS
data using the Irena software package31 running within Igor Pro. The
data were fitted at the wave vector,Q, in the range of 0.01−0.04 Å−1 and
at an azimuthal angle which was 92.5° (over a 5° segment) to the long
axis of most of the collagen fibrils. This azimuthal angle of the long axis
of the collagen fibrils was determined as the position for the maximum
intensity with azimuthal angle of the d-spacing diffraction peaks. The
“cylinderAR” shape model with an arbitrary aspect ratio of 30 was used
for all fitting. We did not attempt to individually optimize this aspect
ratio, and the unbranched length of collagen fibrils may in practice
exceed an aspect ratio of 30.

d-Spacing. The d-spacing was determined from the position of the
center of a Gaussian curve fitted to the fifth order diffraction peak taken
from the integrated intensity from the azimuthal range from 45 to 135°.

Orientation Index. The OI is a quantification of the spread of
microfibril orientation, with 1 indicating parallel microfibrils and 0
indicating randomly oriented microfibrils. OI is defined as (90°−OA)/
90°, where OA, the orientation angle, is the minimum azimuthal angle
range that contains 50% of the microfibrils32 converted to an index,15

using the spread in azimuthal angle of one or more d-spacing diffraction
peaks. The peak area is measured, above a fitted baseline, at each
azimuthal angle.

In many of the diffraction patterns, particularly those measured with
the X-ray beam perpendicular to the surface, two peaks were observed in
the plot of intensity versus azimuthal angle. In such patterns, an OA
calculated using the minimum angle centered on one of these peaks is
large and depends on the spacing between the two peaks, therefore not
reflecting accurately the isotropy of the collagen fibrils. So, an alternative
method to measure the OA was used: the intensities of 5° intervals of
azimuthal angle were ranked and sufficient of these were summed to give
50% of the total intensity over a 180° range, where the total angle
covered by the summed intervals becomes the OA. When there is only
one peak in the intensity versus azimuthal angle plot, this method gives
the same OA as when the OA is calculated by summing the area starting
at the center of the peak.15 Another way of describing this is that the OA
for one peak is equivalent to 0.675 of the standard deviation of a

Figure 1. Experimental setup for SAXS analysis.

ACS Biomaterials Science & Engineering Article

DOI: 10.1021/acsbiomaterials.5b00310
ACS Biomater. Sci. Eng. 2015, 1, 1026−1038

1027
216



Gaussian (if the peak were approximately Gaussian in shape). When
there are two peaks, the standard method of finding a combined
standard deviation from two Gaussians to obtain a single OI value would
not give a goodmeasure of anisotropy since it depends on the separation
of the two Gaussians. A more useful way would be to combine the two
Gaussians after shifting them so that they are superimposed. This is
effectively what the method used here achieves in a numerical way that is
not reliant on Gaussian distributions.
Mechanical Testing. Tear strength33 and tensile strength34 were

measured using standard methods on an Instron device. Two samples
were tested for each of tear strength and tensile strength, with the
samples taken orthogonally, and the values averaged.
Electron Microscopy. Samples of ADM materials were cut into

small cube-shaped pieces and fixed for over 8 h at room temperature in
Modified Karnovsky’s fixative containing 3% glutaraldehyde and 2%
formaldehyde in 0.1 M phosphate buffer (pH 7.2). The samples were
then washed three times for 10−15 min in phosphate buffer (0.1 M, pH
7.2) before being dehydrated in a graded series of ethanol washes (25,
50, 75, 95, and 100%), each dehydration stage being 10−15 min long,
followed by a final 100% ethanol wash for 1 h. Samples were critical-
point (CP) dried using the Polaron E3000 series II critical point drying
apparatus with liquid CO2 as the CP fluid and 100% ethanol as the
intermediary fluid. They were then mounted on to aluminum stubs and
sputter coated with gold using the Baltec SCD 050 sputter coater. The
samples were viewed in the FEI Quanta 200 environmental scanning
electron microscope at an accelerating voltage of 20 kV.

■ RESULTS
Tear Test. Tear tests were performed in two orthogonal

directions for each sample, one test in each direction. The results

of these tests have been averaged and are listed in Table 1. The
nature of the tearing, once tearing starts, is similar for all the
samples.
The neonatal bovine ADM materials are the strongest on an

absolute scale, followed by the human, the fetal bovine and then
the porcine material. On a thickness-normalized scale, the fetal
bovine material is the strongest followed by the thicker neonatal
bovine materials, with the thinner neonatal bovine having a lower
strength in the same range as the human ADM. The lowest
strength material on a thickness-normalized basis is the porcine
ADM. This may be a partial explanation for the higher
intraoperative device failures observed for the porcine cohort
in study of porcine and bovine matrix for abdominal wall
reconstruction.35

Tensile Test.Tensile tests were performed in two orthogonal
directions for each sample, one test in each direction and the
averages are listed in Table 2. In the bovine samples, strength
increases with thickness; however, the fetal material was the
strongest on a thickness-normalized basis. Although not

Table 1. Tear Test Results for ADM Materials

sample
thickness
(mm)

force at
rupture
(N)

σ (for force
at rupture,

N)

thickness-normalized
force at rupture

(N/mm)

bovine
fetal

0.98 76.1 9.0 78.0

bovine
neonatal
1.7

1.67 127.0 0.6 76.0

bovine
neonatal
2.0

2.01 172.0 11.7 85.6

bovine
neonatal
3.0

3.02 227.0 22.8 75.1

bovine
neonatal
4.0

3.98 494.3 0.4 124.2

porcine 1.69 73.0 7.9 43.2
human 1.01 79.5 5.9 79.0

Table 2. Tensile Test Results for ADM Materials

sample
thicknessa

(mm)

average
force at

rupture (N)

σ (for force
at rupture,

N)

cross-section
normalized force at
rupture (N/mm2)

bovine
fetal

0.97 381b 39.3b

bovine
neonatal
1.7

1.76 415 111 23.8

bovine
neonatal
2.0

2.01 451 147 22.4

bovine
neonatal
3.0

3.04 561 6 18.5

bovine
neonatal
4.0

4.06 > 963c > 23.7c

porcine 1.57 328 7 21.0
human 1.11 201 120 17.7
aSome of the thicknesses vary a little from the values in Table 1 but
represent the thickness as measured on the cut samples used in each of
these tests. bOnly one test, but see text. cSample was not taken to
failure.

Table 3. Strain (approximate) of different sample types

sample strain at 10 N/mm2 stress

bovine neonatal 1.7 0.48
bovine neonatal 2.0 0.54
bovine neonatal 3.0 0.47
bovine neonatal 4.0 0.30
porcine 0.31
human 0.45

Figure 2. Examples of scattering patterns taken with the X-ray beam
edge-on to the samples: (a) fetal bovine; (b) 3 mm thick neonatal
bovine; (c) porcine; (d) human ADM materials.
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presented here, a large number of measurements have beenmade
by others on these materials which confirms that the bovine fetal
material typically has a higher cross-section-normalized tensile
strength than bovine neonatal material.36

Extensibility. Extensibility can be approximated as the strain
at a force of 10 N/mm2 on a sample cross section (which is
similar to an inverse of elastic modulus over the complete
extension range but not thickness normalized). The test results
show that the 1.7, 2.0, and 3.0 mm bovine neonatal and human
materials are the most extensible, whereas the porcine and 4.0
mm neonatal bovine are the least extensible at this level of force
(Table 3).

Small-Angle X-ray Scattering. The SAXS diffraction
patterns (Figure 2) can be analyzed in different ways to get
structural information on the collagen. The patterns provide
information on the structure of the fibrils (d-spacing and fibril
diameter) and on the arrangement of these fibrils (OI).

Collagen Fibril Orientation Index (OI). Collagen fibril
orientation was measured with the X-ray beam edge-on to the
ADM materials and perpendicular to the face of the ADM. The
OI measured for each material is listed in Tables 4 and 5.
A pairwise multiple comparison of the edge-on measurements

(Dunn Method) gave significant differences (P < 0.05) between
human and both the bovine and porcine ADM materials;
between porcine with both human and bovine materials; and
between fetal bovine and neonatal bovine. No significant
difference in OI was seen when comparing neonatal bovine
with either porcine or human.
A pairwise multiple comparison of the flat-on measurements

(Dunn Method) gave significant differences (P < 0.05) between
human and the porcine ADM materials; porcine and both the
bovine and human.

Table 4. Orientation Index for Collagen from SAXSMeasured
with the X-ray Beam Edge-on

sample OI (X-rays edge-on) σ no. of measurements

bovine fetal 0.43 0.08 24
bovine neonatal 1.7 0.27 0.06 22
bovine neonatal 2.0 0.32 0.13 22
bovine neonatal 3.0 0.31 0.11 25
bovine neonatal 4.0 0.45 0.15 29
porcine 0.40 0.05 29
human 0.23 0.08 24

Table 5. Orientation Index for Collagen from SAXSMeasured
with the X-ray Beam Perpendicular to the Surface

sample
OI (X-rays

perpendicular) σ
no. of

measurements

bovine fetal 0.24 0.04 18
bovine neonatal 1.7 0.21 0.06 9
bovine neonatal 2.0 0.20 0.07 9
bovine neonatal 3.0 0.14 0.03 9
bovine neonatal 4.0 0.19 0.05 9
porcine 0.61 0.05 9
human 0.08 0.06 9

Figure 3. Variation in intensity of the 5th diffraction peak with azimuthal angle (measured with the X-ray beam edge-on to the surface) to illustrate the
nature of the fibril orientation: (a) fetal bovine ADMmaterial; (b) 3mm thick neonatal bovine; (c) porcine; (d) human. These plots correspond with the
diffraction patterns in Figure 2.
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Detail of Fibril Orientation. The OI presented for each of
the materials is calculated from plots of diffraction intensity for
the fifth or sixth d-spacing diffraction peak (Figures 3−5);
however, the calculation reduces complex information to just one
number. More detail of the collagen fibril orientation and the
differences between different sample types can be obtained from
plots of diffraction intensity (for any of the d-spacing diffraction
peaks) with azimuthal angle. An analysis of the three-dimensional
structure requires at least two diffraction patterns normal to each
other. Plots are provided for diffraction intensity versus
azimuthal angle with the X-rays edge-on (Figures 3 and 4) and
perpendicular (Figure 5) to the plane of the ADM material.
Fibril Orientation (X-rays edge-on). The distribution of

orientation of the collagen fibrils in the dermal ECM materials is
apparent from the diffraction intensity versus azimuthal angle
plots. Single plots at just one point in a section of the ADM are
shown in Figure 3. The way the diffraction intensity varies with
azimuthal angle gives an indication of how the collagen fibrils are
arranged.Where there is only one peak (within a 180° range) and
the curve approaches the baseline, there is only one preferred

direction of orientation and the spread of fibril direction is
around this angle. Examples of this are the edge-on measure-
ments for fetal bovine ADM material (Figure 3a) and to a lesser
extent edge-on measurements for neonatal bovine ADM (Figure
3b) and human ADMmaterials (Figure 3d).Where there are two
peaks in this plot, there are two preferred directions of
orientation of the collagen fibrils, as seen in the porcine ADM
with X-rays edge-on (Figure 3c). When the curve remains
considerably above the baseline, the collagen fibril distribution is
tending toward isotropic.

Fibril Orientation Sections (X-rays Edge-on). The
distribution of orientation of the collagen fibrils and the variation
of fibril orientation through the thickness of the ECM materials
can be shown with plots of diffraction peak intensity versus
azimuthal angle at points at different positions on a cross section
of the material representing different depths (Figure 4). These
are essentially compilations of plots such as in Figure 3 but with
just a−90° to 90° range for simplicity. There is some variation in
the fibril arrangement with depth. The bovine, especially fetal,
and human materials tend to be a little more highly oriented with

Figure 4. Variation in intensity of the 5th diffraction peak with azimuthal angle (measured with the X-ray beam edge-on to the surface) and distance
through the sample (equivalent to a series of plots of the type in Figure 3) to illustrate the nature of the fibril orientation through the sample thickness: a)
fetal bovine ADMmaterial; (b) 3 mm thick neonatal bovine; (c) porcine; (d) human. These plots are just for 90° either side of the origin to simplify the
images because the information is duplicated in the region for 90 to 180° and −90 to −180°.
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increasing depth. The porcine is highly oriented throughout the
thickness, although the direction of orientation changes with
depth.
Fibril Orientation (X-rays Normal). Measurements with

the X-ray beam perpendicular to the surface reveal differences in
fibril orientation between sample types (Figure 5). When the
curve remains a long way above the baseline this indicates a
tendency toward an isotropic distribution of the collagen fibrils,
The fetal bovine ADM material has two well-defined peaks of
similar intensity (Figure 5a), as does the neonatal bovine (Figure
5b) although with greater spread and both remaining well above
the baseline. The porcine material also has two peaks (Figure 5c),
but these are more separate than those of the bovine material
(roughly 90° to each other), with one direction dominant, and
the curve approaches close to the baseline, showing that the
material is far from isotropic. The plots of the human ADM
material (Figure 5d) reveal that the fibrils barely exhibit a
preferred orientation and are not bimodally distributed.
OI Cross-Sections of ADM. The cross sections through the

thickness of the ADMmaterials (Figure 6) show a variation in OI
through the thickness of the bovine materials which,
unsurprisingly, is similar to that observed in bovine leather.37

The fetal bovine material (Figure 6a) is similar to the neonatal
material (Figure 6b−e). In the porcine (Figure 6f) and human
(Figure 6g) materials, OI varies less through the samples.
Fibril Diameter. Average collagen fibril diameters for each of

the sample types calculated from X-ray edge-on measurements
are listed in Table 6. A pairwise multiple comparison (Dunn
Method) gave significant differences (P < 0.05) between porcine
and both the human and bovine as well as between human and

both the porcine and bovine (except neonatal 3.0). The fetal
bovine is not statistically different from the neonatal bovine.
Fetal collagen (rat tail tendon) has been reported to have

smaller fibril diameters than collagen from mature animals29 but
we do not observe a difference in collagen fibril diameter between
fetal and neonatal bovine ADM materials.

d-Spacing. Average d-spacing for the collagen fibrils for each
of the sample types is listed in Table 7. A pairwise multiple
comparison (Dunn Method) gave significant differences (P <
0.05) between human and both the bovine and porcine; porcine
and the bovine (except 4.0 mm); porcine and human; but not
between fetal bovine and the neonatal bovine.

d-Spacing Cross-Sections of ADM. The d-spacing
variation through the cross sections is similar for all samples
except for the 4 mm neonatal bovine material (Figure 7). The
variation between sections is greater for the human, porcine and
4 mm neonatal bovine than for the thinner bovine samples.

Correlation of OI and Strength. Based on measurements
with the X-ray beam edge-on to the sample, a statistically
significant correlation was found only between OI and tear
strength (Figure 8); tensile strength is not significantly correlated
with OI (Figure 8 right). These findings are consistent with
observations for leather.15

For the OI versus tear strength and OI versus tensile strength
measured with the X-ray beam perpendicular to the samples
there is no statistically significant correlation (Figure 9).

Fibril Diameter and Strength. Fibril diameter has been
shown to correlated with tear strength in bovine leather.28 In
collagen grown in tissue culture, larger fibril diameters are
associated with higher strength.38 However, in the bovine

Figure 5.Variation in intensity of the 5th diffraction peak with azimuthal angle (measured with the X-ray beam perpendicular to the surface) to illustrate
the nature of fibril orientation: (a) fetal bovine ADM material; (b) 3 mm thick neonatal bovine; (c) porcine; (d) human.
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neonatal material we analyzed here, there is no statistically

significant correlation between fibril diameter and strength

(Figure 10). There is also no correlation in the material of the

other species investigated (Figure 10).

SEM Images. The SEM images show structural differences

between the bovine, porcine and human ADM (Figures 11 and

12). The bovine material has a more open structure than the

porcine and human material, which have a much finer texture.

Figure 6. Variation in OI through the thickness of the materials: (a) fetal bovine ADM material; (b) 1.7 mm thick neonatal bovine; (c) 2 mm thick
neonatal bovine; (d) 3 mm thick neonatal bovine; (e) 4 mm thick neonatal bovine; (f) porcine; (g) human.
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■ DISCUSSION
Strength from Structure. Collagen structure, as deter-

mined by SAXS, is related to the tear strength of the materials.
The tear strength differences among bovine pericardium
materials are correlated with differences in the collagen fibril
orientation index of those materials (Figure 8a). In stronger
samples, the fibrils are oriented in a planar manner parallel to the
surface of the material (Figure 13b); in weaker materials, fibrils
are less oriented in the planar direction (Figure 13a). Orientation
direction, as measured with the X-ray beam perpendicular to the
plane of the sheets of ADM (Figure 14), does not however have a
strong relationship to strength. This has also been seen in leather
produced from bovine hides.15 However, in the ADM materials
here, although this relationship was evident in the bovine
materials, fibril orientation is not correlated with strength across
species. Therefore, although tear strength might be predictable
for given OI in bovine materials, this OI will not be associated
with the same strength in porcine or human ADM materials. In
contrast, studies on leather of seven mammals found a good
correlation between OI measured edge-on and strength
(although no correlation was found for alligator leather).15,16

However, we are not able to confirm whether such an OI−
strength relationship holds within a selection of porcine or
human ADM materials because we did not analyze a range of
samples from the two relevant species.
Model for Strength. The relationship between fibril

direction and strength has been modeled previously and it can
be shown that the strength is due to the sum of the vector
components of the fibrils that lie in the direction of force.8,16,39 A
model orientation index is derived which we will call OI ́ to
distinguish it from the experimentally measured OI eq 1.

∫ ∫
∫ ∫

θ θ φ θ φ

θ φ θ φ
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π π

π π

F
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cos ( , )d d
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0

2
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/2 4

0

2

0

/2
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Where F(θ,ϕ) is the angular distribution function where θ and ϕ
are fibril angles orthogonal to each other. We have previously
applied this model to collagen orientation in leather produced

from the skins of a selection of mammals where it was found to be
valid across a wide range of strength16 and also in collagen in
bovine pericardium.8 Other factors that prevent notch growth
during tearing are also important.5

Distribution of Fibril Orientation with X-rays Normal.
The collagen fibril distribution, as measured with the X-rays
normal to the surface, perhaps may influence the properties of
the materials in service. Although there is no correlation between
tear strength and fibril orientation measured with X-rays normal
to the surface (Figure 8b), as also seen with leather,15 elastic
properties may vary with fibril direction when the ADM is not
isotropic in this dimension. The materials from the different
species have different distributions for fibril orientation. A
material with an isotropic distribution might be expected to have
uniform mechanical properties in all directions (e.g., human and
bovine ADM material) whereas one that has a strong unimodal
distribution might be expected to behave quite differently in the
direction of the orientation compared with a direction at right
angles to the orientation. With a bimodal distribution (e.g., as in
porcine or fetal bovine ADMmaterials), the properties would be
expected to be more complex but differ in different directions.
Other researchers have found that the elastic properties of fetal
bovine material are significantly different parallel to the spine
(stronger) compared to those perpendicular to the spine (weaker
but more elastic).36 These differences in mechanical properties
with direction, if identified for each piece of the material, perhaps
could be used to advantage in the selection of materials in specific
surgical cases. A detailed study of directional mechanical
properties was not part of this study.

d-Spacing and Fibril Diameter.While there are differences
between species for both d-spacing and fibril diameter, these
differences do not appear to be correlated with strength or
elasticity. It is known that d-spacing decreases with dehydra-
tion;19,21−24 however, for these measurements, the samples were
fully hydrated to reflect the state they would be used in surgical
application.

Tight or Open Structure. The SEM cross-sections show
that there are differences in the structure of the different
materials. The bovine materials have the most open structure,
with porosity between the fibers, whereas the human and porcine
materials are tighter and more compact. At higher magnification,
the human ADM looks slightly similar to the bovine material but
with a finer texture with some minor porosity between the fibers
visible. It may be that a more open structure helps with the
integration of the ADM material in vivo,40 but further, detailed
investigation is required.

Variation through Material Thickness. Both the OI
(Figures 4 and 6) and d-spacing (Figure 7) vary through the
thickness of the ADMmaterials. In the porcine and human ADM
material, OI varies less with thickness than do the bovine
materials. For other bovine dermal materials, this variation has
been well documented;37 however, the same information is not
available for porcine and human ADM. The human material
investigated here may, in fact, not reflect a full-thickness dermal
material; if so, any measured variation with thickness would be
less than for full-thickness material. The d-spacing variation
through each cross-section is similar for all samples.

Strength. The tear test provides a measure of the toughness
of the ADM material and the results are a useful indicator of the
in-service stresses and where failure by tearing or bursting is most
likely to occur. The neonatal bovine ADM materials are the
strongest of the material types in the tear test on an absolute
scale, followed by the human, the fetal bovine and then the

Table 6. Average Diameter of Collagen Fibrils from SAXS
Analysis

sample
fibril diameter

(nm) variance σ
no. of

measurements

bovine fetal 58.6 1.3 28
bovine neonatal 1.7 58.3 1.7 26
bovine neonatal 2.0 60.8 1.9 26
bovine neonatal 3.0 57.1 2.5 29
bovine neonatal 4.0 56.0 8.2 32
porcine 61.1 2.1 28
human 55.2 2.7 30

Table 7. Average d-Spacing for Collagen from SAXS Analysis
(on Hydrated Materials)

sample d-spacing no. of measurements

bovine fetal 64.00 24
bovine neonatal 1.7 64.13 22
bovine neonatal 2.0 63.95 23
bovine neonatal 3.0 64.01 25
bovine neonatal 4.0 64.23 29
porcine 64.20 28
human 64.60 25
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porcine material. The thickness of a surgical scaffold material is

also important, partially for aesthetic reasons, and a thin but

strong material may be desirable. Therefore, thickness-

normalized strength is also a useful measure of the relative

merits of different materials. On a thickness-normalized scale, the

fetal bovine material is the strongest and its fibers are the most

oriented, which perhaps is a general feature of fetal materials (and

note that younger bovine pericardium was found to be stronger

Figure 7. Variation in d-spacing through the thickness of ADM materials: (a) fetal bovine, (b) 1.7 mm thick neonatal bovine; (c) 2 mm thick neonatal
bovine; (d) 3 mm thick neonatal bovine; (e) 4 mm thick neonatal bovine; (f) porcine; (g) human.
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than older8). The thicker neonatal bovine materials have the next
greatest strength, with the thinner neonatal bovine having a
lower strength. The strength of these bovine materials is
correlated with the OI measured edge-on (Figure 8) as it does in
bovine and other leathers.15,16 In the same strength range as the
thinner bovine is the human ADM material, and the lowest
strength material on a thickness-normalized basis is the porcine
ADM. The strength of the human and porcine ADM material is
consistent with the correlation of OI and strength in the bovine
materials, so other factors are clearly also important for strength.
These materials derived from different species have largely

similar properties and similar structures. There are some

differences in strength and in thickness-normalized strength
that may provide a preference for one of these materials over
others in certain surgical applications. There are also differences
in the porosity of the materials, which could be further
investigated, quantified, and related to differences in the
integration of the scaffold materials in vivo.

■ CONCLUSIONS

The study of strength and structure of a range of ADMmaterials
has revealed insights into the differences between the materials
and the relationship between the structure and some of the
physical properties. Bovine ADMmaterial is similar in strength to

Figure 8. Tear (left) and tensile (right) strength and OI for ADM materials measured with the X-ray beam edge-on to the samples. Line for linear
correlation for just the neonatal bovine ADM of varying thickness (tear r2 = 0.97, P = 0.002 for α = 0.05; tensile r2 = 0.44, P = 0.22 for α = 0.05).

Figure 9. Tear (left) and tensile (right) strength and OI for ADM materials measured with the X-ray beam perpendicular to the samples. Unmarked
points are bovine neonatal ADM.

Figure 10. Tear strength and fibril diameter. Unmarked points are bovine neonatal ADM.
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or a little stronger than human ADM and is significantly stronger
than porcine ADM. There is a wide variation in strength in
bovine ADM materials and that variation is due to differences in
collagen fibril orientation, with stronger materials having a more
layered fibril structure. The human ADM material and the
thinner (1.7, 2.0, and 3.0 mm) neonatal bovine materials are the
most extensible (extensibility to 10 N/mm2) while the porcine,
fetal bovine and 4.0 mm neonatal bovine are the least extensible
at this force. Bovine ADM materials have a more open structure

than human or porcine ADM andwe speculate (however without
evidence) that this open structure might help with the
integration of the ADM in vivo. The “weft/weave” structures
of bovine, porcine and human ADM differ. The human material
is the most isotropic, followed by bovine, whereas the porcine is
the most anisotropic; these variations may affect the properties of
the material in service, although this has not been studied in
depth here. It has been shown that there are many similarities in
the structures in the different materials but also some subtle

Figure 11. Scanning electron microscopy images through the thickness of the ADM materials: (a) fetal bovine; (b) neonatal bovine 2 mm thick; (c)
neonatal bovine 3 mm thick; (d) neonatal bovine 4 mm thick; (e) porcine; (f) human. All at the same magnification; bar is 500 μm.

Figure 12. Scanning electron microscopy images at higher magnification through the thickness of the ADMmaterials: (a) porcine, (b) human. Both at
the same magnification; bar is 200 μm.
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differences which affect physical properties and it may be that the
differences in porosity are also important and worth investigat-
ing.
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ABSTRACT

Strength is a very important property of leather and is known 
to depend on the arrangement of the collagen fibrils within 
the material. The addition of fatliquor (penetrating oils) is an 
essential part of the manufacture of leather and enhances the 
strength and feel of leather. However, the mechanism by 
which fatliquor leads to increased strength is not understood. 
Here we use synchrotron based small angle X-ray scattering 
(SAXS) to monitor the collagen fibril rearrangement and 
internal strain of leather during tension. Differences in 
internal structural changes under strain with varying levels 
of fatliquor are investigated. It is found that when a strain of 
up to 40-70% was applied to leather, the orientation index 
(OI) of the collagen fibrils changed up to 21.8% and the 
d-spacing changed by up to 1.8% with no consistent 
differences at different levels of fatliquor. The extensibility 
of leather increases by 11.3% with as little as 2% fatliquor 
addition and the elastic modulus decreases with fatliquor 
addition but not in proportion to the amount of fatliquor. 
This change in extensibility is not reflected in differences in 
OI or d-spacing changes during strain. As reported 
previously, the fatliquor modifies the d-spacing of collagen. 
While fatliquor is traditionally considered to lubricate the 
fibers in leather, here the evidence suggests that this does not 
occur at the level of collagen fibrils. This provides an insight 
in the action of fatliquor in leather manufacture.

INTRODUCTION

The physical properties of leather result from a combination 
of the native characteristics of the skin or hide from which 
the leather is prepared and from the chemical and mechanical 
processing of leather manufacturing. Strength, flexibility, 
elasticity, and appearance are all important for the 
applications of leather. The major structural component of 

leather is type I collagen and it is the mechanical properties 
of the collagen fibrils 1-3 and the interactions between the 
fibrils 4-8 that make the major contribution to the physical 
properties of leather. Interactions between collagen fibrils in 
leather consist of hydrogen bonding, hydrophobic bonding, 
and cross-linking introduced by tanning with chromium 
salts or tannins. Cross-linking agents can alter the 
arrangement of collagen fibrils 8 and the mechanical 
properties of the material9 

At a later stage in the processing of skins to leather, 
penetrating oils, known in the industry as fatliquor, are 
added to improve the feel of the leather and to increase the 
strength. It is believed that fatliquor acts to lubricate the 
fibers in leather. 10 Recently it has been shown that fatliquor 
penetrates to the level internal to collagen fibrils and alters 
the structure of the fibrils, increasing the d-spacing. 11 This 
is believed to be a result of shielding of the hydrophobic 
interaction between individual collagen molecules or 
tropocollagen units.

A powerful method to investigate the structure of collagen 
materials is small angle X–ray scattering (SAXS) that can 
provide detailed structural information on the microfibril 
orientation, d-spacing and the collagen fibril diameter in 
leather and other tissues. 12-17 

To understand the physical properties of leather, changes to 
the structure and arrangement of the collagen fibrils during 
mechanical strain has been investigated. 3,18-20 It has been 
found that with strain of the leather the collagen fibrils first 
re-orient and then stretch.

We wished to investigate the effect that fatliquor has on 
leather during mechanical strain. It is believed that fatliquor 
lubricates the fibers in leather and it has been shown that 
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fatliquor penetrates beyond the level of collagen fibrils, so 
does the fatliquor lubricate at the level of collagen fibrils?

EXPERIMENTAL

Ovine skins were obtained from 5-month-old, early season 
Romney cross lambs. Conventional beamhouse and tanning 
processes were used to generate leather. The skins were 
depilated using a caustic treatment comprising sodium 
sulfide and calcium hydroxide. The residual keratinaceous 
material was then removed in a 1.2% solution of sodium for 
16 h at 20°C. The skins were then washed and treated with a 
proteolytic pancreatic enzyme (Tanzyme, Tryptec 
Biochemicals, Ltd.) at 0.1%, followed by pickling in a 2% 
sulfuric acid and 10% sodium chloride solution. The pickled 
skins were then pretanned using oxazolidine, degreased with 
an aqueous surfactant, and then tanned using chromium 
sulfate. The resulting “wet blue” was then retanned using a 
mimosa vegetable extract.

Fatliquoring was carried out using Lipsol EHF (Schill + 
Seilacher). This product contains a mixture of lanolin, 
bisulfited fish oil, and 2-methyl-2,4-pentanediol. Lanolin, or 
wool wax, consists primarily of long chain waxy esters and 
some hydrolysis and oxidation products of these esters. The 
fatliquor offered was 0–10% by weight of wet leather prior to 
drying and mechanical softening. 

The fatliquor content of samples processed with offerings of 
0-10% fatliquor was determined using standard method ISO 
4048. Briefly, 10 g of ground leather was extracted with at 
least 30 changes of dichloromethane in a Soxhlet extraction 
apparatus. The extract was dried in an oven at 102°C for at 
least 4 h and the resulting grease was cooled in a desiccator 
and weighed.

Samples for synchrotron-based small angle X-ray scattering 
(SAXS) analysis were prepared by cutting strips of leather  
1 × 30 mm from the official sampling position (OSP) 21 from 
skins processed to leather with 0, 2, 4, 6, 8, and 10% Lipsol 
EHF offered. Diffraction patterns were recorded on the 
Australian Synchrotron SAXS/WAXS beamline using a 
high-intensity undulator source. Each sample was mounted 
without tension in the X-ray beam to obtain scattering 
patterns from an edge-on direction. Measurements were 
made every 0.25 mm through the cross section from the 
grain to the corium. Energy resolution of 10 4 was obtained 
from a cryo-cooled Si (111) double-crystal monochromator, 
and the beam size [full width at half maximum (fwhm) 
focused at the sample  was 250 × 80 m, with a total photon 
flux of about 2 × 1012 photons s 1. All diffraction patterns 
were recorded with an X-ray energy of 11 keV using a Pilatus 
1 M detector with an active area of 170 × 170 mm and a 
sample detector distance of 3371 mm. Exposure time for 

diffraction patterns was 1 s, and data processing was carried 
out using the SAXS15ID software. 22

A custom built stretching apparatus was built for in-situ 
small angle X-ray scattering (SAXS) measurements as 
described by Basil-Jones. 18 Each strip of leather was 
mounted without tension in the X-ray beam and 
measurements were made every 0.25 mm through the cross 
section to obtain scattering patterns through the full 
thickness of the leather. The sample was stretched by 1 mm 
and was maintained at this extension for 1 minute before 
diffraction patterns, force, and extension data were recorded. 
This process was repeated with the sample stretched a 
further 1 mm each time until the sample failed.

Orientation index (OI) is used to give a measure of the spread 
of microfibril orientation and can be any number within the 
range 0–1. An OI of 1 indicates anisotropic microfibrils or 
fibrils that are completely parallel to each other; an OI of 0 
indicates isotropic microfibrils or fibrils that are completely 
randomly oriented. OI is defined as (90° – OA)/90° where 
OA is the azimuthal angle range that contains 50% of the 
microfibrils centered at 180° and is calculated for one of the 
most intense d-spacing peaks (at around 0.059–0.060 Å–1) for 
every diffraction pattern. 1

The d-spacing of collagen was determined for each spectrum 
from Bragg’s Law by taking the central position of several 
collagen peaks, dividing these by the peak order (usually 
from n = 5 to n = 10) and averaging the resulting values. 

Tear strengths of the crust leathers were tested using standard 
methods. 23 Samples were cut from the leather at the official 
sampling position (OSP). 21 The samples were then 
conditioned by holding at 20°C and 65% relative humidity 
for 24 hours then tested on an Instron tensile tester using 
jaws placed in a standard eye-shaped cutout. Stress and 
strain measurements were recorded on an Instron mechanical 
test system using a standard tensile strength test. 24

RESULTS

Fatliquor Addition
The offer of fatliquor to the leather ranged up to 10% 
however the actual uptake of fatliquor was not quite the same 
as the offer. We therefore refer to the offer as the “nominal 
fatliquor”. An analysis of the fat content of the fatliquored 
leather showed a higher fat content than the offer, because of 
some initial fat content in the leather, with a saturation 
occurring at 8% offer (Table I). 

Scattering Patterns
The X-ray scattering patterns recorded for the leather 
samples show clear diffraction rings (Figure 1 a, b) which 
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Figure 1. Example of SAXS of leather: (a) raw SAXS pattern static; (b) raw SAXS pattern after stretching; 
(c) integrated intensity profile of static sample; (d) integrated intensity profile of sample after stretching;  
(e) intensity variation with azimuthal angle for the 5th order diffraction peak (dotted line static, solid line stretched).

are due to the collagen d-banding. The integrated intensity for 
these patterns shows these as well defined peaks from which 
the d-banding can be identified (Figure 1c, d). The variation in 
intensity with azimuthal angle (Figure 1e) can be used to 
calculate the orientation index of the collagen fibrils. It can be 
seen that when the leather is stretched the OI increases and a 
portion of the fibrils which are oriented in the direction of the 
strain become highly stretched with the d-spacing increasing 
substantially.

Tear Test
The tear force observed had an initial drop in the tear strength 
with the addition of a small amount of fatliquor followed by a 
general increase in tear strength with further fatliquor 
additions (Figure 2). Generally therefore leather is stronger 
when this fatliquor is present.

When the variation of d-spacing with strain is plotted it 
becomes apparent that the d-spacing increases with fatliquor 
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Figure 2. Tear force of leather with measured fatliquor content.

Figure 3. Variation in d-spacing with strain and fatliquor content:  
( , _____) no fatliquor, ( , ········) 2.8% fatliquor, ( ,    ) 4.7% 
fatliquor, ( ,  ··  ·· ) 7.8% fatliquor, ( , ) 8.8% fatliquor.

Figure 4. Variation in orientation index (OI) with strain and fatliquor 
content: ( , _____) no fatliquor, ( , ········) 2.8% fatliquor, ( ,    ) 
4.7% fatliquor, ( ,  ··  ·· ) 7.8% fatliquor, ( , ) 8.8% fatliquor.

TABLE I
Nominal addition of fatliquor and 

measured content of fat in leather samples.
Nominal Addition 
of Fatliquor (%)

Measured Fat 
Content (%) 

Measured fatliquor 
added (%)

0 1.0 0.0

2 3.8 2.8

4 5.7 4.7

6 8.8 7.8

8 9.8 8.8

10 9.9 8.9

content (as reported elsewhere 11) and increases with strain (as 
seen with ovine leather 18) (Figure 3.). There is no difference 
between 8% and 10% fatliquor offered samples as these had 
saturated and had the same uptake of fatliquor.

Orientation Index
The OI increases with strain for all samples (Figure 4). No 
correlation was found between fatliquor and OI when the 
samples were not under tension (R2 = 0.47, P = 0.13)  
(Figure 5a). Similarly, when stretched, after the increase in OI 
which happens for all samples, the OI measured at maximum 
strain before the samples broke does not correlate with 
fatliquor addition (R2 = 0.08, P = 0.60) (Figure 5b).

The samples with different fatliquor content do not all stretch 
the same amount. Therefore a plot of the change in d-spacing 
and OI at a strain of 0.4 is also shown (Figure 6). This provides 
a fair comparison between the changes that take place to fibril 
rearrangement and fibril extension under tension when 
different levels of fatliquor are present. This shows no trend 
when stretched with fatliquor content of the sample in either 
the amount that d-spacing changes or in the OI change with 
stretching (Figure 6).

Stress-strain
The stress-strain curves (Figure 7) show that the elasticity 
varies with fatliquor content. With fatliquor added, leather has 
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Figure 6. Change in OI and d-spacing upon strain to 0.4 for measured 
fatliquor contents: ( , _____) change in d-spacing, ( , ········) change in OI.

a longer region of low elastic modulus (stretchier material) 
before the leather starts to resist stretching. Full stress-strain 
curves for the small samples measured in-situ during X-ray 
analysis are shown in Figure 7a but these were small samples 
and must not be over-interpreted. Elastic modulus obtained 
from these curves show the initial drop in elastic modulus with 
an addition of a small amount of fatliquor followed by a general 
increase in elastic modulus with further fatliquor additions 
(Figure 7b). The total extensibility of the leather is also shown 
but does not follow an easily rationalized trend (Figure 7c).

OI of Cross Sections
The variation of OI through sections of leather with different 
amounts of fatliquor at different levels of strain (Figure 8) 
show the strain is taken up throughout the thickness of the 
leather and that this is similar with or without fatliquor added. 
There is no obviously different mechanism of responding to 
strain with or without fatliquor present.

DISCUSSION

While it can be seen that the fatliquor penetrates to the 
collagen fibrils and changes some aspect of the structure of 
the fibrils, the d-spacing, as reported elsewhere, 11 there does 
not appear to be any difference in the change in the orientation 
of the fibrils during strain with or without fatliquor. Therefore 
the rearrangement of fibrils in the leather is not greater with 
fatliquor added than without. In addition, the amount of force 
individual fibrils experience (evidenced by d-spacing change 
during stress) is not less with fatliquor than without.

If the fatliquor acted to lubricate the collagen fibrils so that 
they slide more easily past one another then it would be 
expected that the OI would change much more with strain 
when fatliquor is added because as the fibrils slide past each 
other they would be able to rearrange their positions to become 
more oriented in the direction of strain. If this is the 
mechanism of action of fatliquor then it would also be 
expected that once highly oriented the fibrils should be able to 
stretch more as they are oriented with the direction of force. 
Neither of these is seen, neither a greater change in OI nor a 
larger increase in d-spacing. Therefore, there is no evidence of 
lubrication of the collagen fibrils, even though we know that 
the fatliquor penetrates not just to the fibrils but also within 
the fibrils (as evidenced by the change in d-spacing).

From the stress-strain data, and as is well known already, 
fatliquor does improve the bulk properties of leather and 
increases the extensibility and decreases the elastic modulus 
of leather. Therefore fatliquor does have an effect on the 
leather. Since the lubrication by fatliquor does not appear to 
occur at the fibril level the mode of action may be lubrication 
between fibril bundles or fibers which is at a different scale to 
the fibrils. 

Figure 5. Variation of OI with measured fatliquor content (a) for 
unstrained leather; (b) for leather strained to Maximum, orientation is 
calculated by taking the average OI of the sample after each stretching 
increment (from no stretch up to the maximum amount stretched) and 
averaging these values.
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Figure 7. (a) Stress-strain on small leather samples recording during SAXS measurements: ( , _____) no fatliquor, ( , ········) 2.8% fatliquor, ( ,    ) 
4.7% fatliquor, ( ,  ··  ·· ) 7.8% fatliquor, ( , ) 8.8% fatliquor; (b) Elastic modulus taken from curves in (a); (c) maximum extension of sample 
before break occurred versus measured fatliquor content.
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Figure 8. Cross sections of leather under strain. No fatliquor (a, b), 8.8% measured fatliquor content (c, d). Variation of OI 
with strain (a, c), variation of d-spacing with strain (b, d). 
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Leather takes up strain at a variety of scales, both within the 
fibril (d-spacing), between fibrils (OI) and at the fibril bundle 
and fiber level (possibly contributes also to OI). Fatliquor affects 
the larger scale processes such as drying of the leather and is the 
most important step in making soft leather. However, it was 
observed that the arrangement of fibers is mostly unaffected by 
fatliquor with no change in the spread of orientation.

CONCLUSIONS

Using small angle X-ray scattering to analyze leather, 
differences in collagen fibril orientation and d-spacing with 
different levels of fatliquor addition and at different levels of 
strain were investigated. Both the orientation index and 
d-spacing changed during strain however there were no 
consistent differences in these behaviors with different levels 
of fatliquor. While fatliquor is traditionally considered to 
lubricate the fibers in leather, here the evidence suggests that 
this does not occur at the level of collagen fibrils, even though 
there is evidence that the fatliquor penetrates to the level of the 
fibrils and changes the structure of the fibrils. We have been 
able to provide more knowledge on the mechanism of action 
of fatliquor to the elasticity of leather to inform the leather 
making process.
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Introduction

Leather, a material obtained through processing, is made up of two parallel planes that are 

mostly comprised of fibrous collagen. The strength and physical properties of leather are not 

solely reliant on the amount of collagen it contains. The strength is largely dependent on the 

arrangement of the collagen fibrils both within planes and the cross-over between planes. As 

it is a strong, flexible, water-resistant material leather is used in a wide variety of 

manufacturing applications including shoes, bags, furniture coverings, car interiors and 

airplane seat covers. However the leather used for these products is mostly bovine leather 

as it has a far greater strength than that of ovine leather. If the nanostructure of ovine leather 

was understood then the ability to manipulate processes in order to achieve ovine leather of 

higher strength may be realized. Synchrotron based techniques such as small angle X-ray 

scattering provide an ideal platform for nanostructure analysis of the fibrous collagen. 

Information regarding the structure and alignment of the collagen fibrils is provided by the 

small angle scattering pattern. This synchrotron technique allows us to determine why 

leather has the properties it does and how the fibril structure relates to the desirable 

attributes present. Following this, modifications can be configured to enhance the structure. 

The processing stages are able to be looked at in depth through the use of synchrotron 

techniques to discover how processing does change or could change the fibrous structure. 

Raw stock selection, raw stock performance prediction and breed enhancement can all be 

developed from the information obtained. 
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Experimental 

The ovine pelts used were from 5 month old lambs. The bovine hides used were from 2 3

year old cattle. Leathers were generated with a variety of properties using conventional 

techniques. Specifically, the pelts were depilated using a caustic treatment comprising 

sodium sulfide (ranging from a slow-acting paint containing 160 g/L flake sodium sulfide to a 

quick-acting paint containing 200 g/L sodium sulfide) and a saturated solution of calcium 

hydroxide. Depilated slats were then processed to remove the residual wool in a solution of 

sodium sulfide ranging in concentration from 0.8 to 2.4% for 8 16 h at temperatures ranging 

from 16 to 24°C. After this treatment, the pelts were washed and treated with a proteolytic 

enzyme, either a bacterial enzyme (Tanzyme, Tryptec Biochemicals, Ltd.) or a pancreatic 

enzyme (Rohapon ANZ, Shamrock, Ltd.), at concentrations ranging from 0.025 to 0.1%, 

followed by pickling in a 2% sulfuric acid and 10% sodium chloride solution. The pickled 

pelts were then pretanned using oxazolidine, degreased with an aqueous surfactant, and 

then tanned using chromium sulfate. The resulting “wet blue” was then retanned using a 

mimosa vegetable extract and impregnated with lubricating oil prior to drying and mechanical 

softening. Tear strengths of the crust leathers were tested using standard methods (Williams 

2000). In brief, samples (strips 1 ×50 mm) were cut from the leather at the official sampling 

positions (OSPs) (Williams 2000). parallel to the backbone. The bovine leather was shaved, 

resulting in samples approximately 1.3 mm thick, consisting, on average, of 34% grain and 

66% corium. All samples were then conditioned by storing them at a constant temperature 

and humidity (20°C and 65% relative humidity, respectively) for 24 h, after which time they 

were tested on an Instron strength-testing device. A stretching apparatus was built as 

follows. A linear motor, Linmot PS01, 48×240/30×180-C (NTI AG, Switzerland), was 

mounted on a purpose-built frame with a custom-made clamp fitted to the end of the slider. 

The clamp was designed not to put a sharp point load on the leather (Figure 1). A L6D 

aluminum alloy OIML single-point loadcell (Hangzhou Wanto Precision Technology Co., 

Zhejiang, China) was attached to a second clamp that would hold the other end of the 

sample and was attached to the frame. Each leather sample was mounted horizontally 

between the clamps without tension and then moved into the X-ray beam. The sample was 

stretched in 1 mm increments until a force was registered by the loadcell. The slider was 

then moved back 1 mm, so that the sample was again not under tension, and spectra were 

recorded, with the sample being analyzed edge-on, parallel to the backbone, to allow the 

load to be correlated with tear strength (Basil-Jones, Edmonds et al. 2011). Measurements 

were made, depending upon the mounted orientation of the leather, either normal to the 

leather surface (flat) in a 0.5 mm grid of four points or edge-on at 0.10 mm intervals across 
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the sample from the grain to the corium (Basil-Jones, Edmonds et al. 2010). The sample 

was again stretched 1 mm and maintained at this extension for 1 min to stabilize, before 

SAXS spectra, the extension, and the force information was recorded. This process was 

repeated until the sample failed. Note that the flat samples were physically split into two 

layers, grain and corium, to produce two samples from each piece of leather, before 

diffraction patterns were recorded. Diffraction patterns were recorded on the Australian 

Synchrotron SAXS/WAXS beamline, using a high-intensity undulator source. Energy 

resolution of 10 4 is obtained from a cryo-cooled Si (111) double-crystal monochromator, and 

the beam size [full width at half maximum (fwhm) focused at the sample] was 250×80 m, 

with a total photon flux of about 2×1012 photons s 1. All diffraction patterns were recorded 

with an X-ray energy of 11 keV using a Pilatus 1 M detector with an active area of 170×170 

mm and a sample detector distance of 3371 mm. Energy calibration used the absorption 

edge of zinc at 9.659 keV to set the zero angle of the monochromator. This results in energy 

calibration across the energy range used better than 5 eV and typically better than 2 eV. A 

diffraction peak of silver behenate is used to scale the camera length. The correct value of 

qis then calculated by trigonometry for each pixel in each diffraction image. Exposure time 

for diffraction patterns was 1 s, and data processing was carried out using the SAXS15ID 

software (Cookson, Kirby et al. 2006). No normalization was performed for changes in beam 

intensity. Orientation index (OI) is defined as (90° OA)/90°, where OA is the minimum 

azimuthal angle range that contains 50% of the microfibrils centered at 180°. OI is used to 

give a measure of the spread of microfibril orientation (an OI of 1 indicates that the

microfibrils are completely parallel to each other, and an OI of 0 indicates that the microfibrils 

are completely randomly oriented). The OI is calculated from the spread in azimuthal angle 

of the most intense d-spacing peak (at around 0.059 0.060 Å 1) (Basil-Jones, Edmonds et 

al. 2011). The d spacing was determined for each spectrum from Bragg’s law by averaging 

the central values of several collagen peaks (usually from n= 5 to 10).

Results and Discussion 

Leather has many uses in a variety of different industries. The major commercial output 

capitalized on by bovine (cattle) leather is in the shoe industry. US$60 billion per year of 

shoes is traded internationally. Footwear requires strong leather. Ovine (sheep) leather has 

just half the strength of bovine leather. This results in ovine leather not meeting the strength 

requirements that would enable it to be used in the production of shoes. The project focuses 

on whether we can increase the strength of ovine leather consequently making it an 

applicable material for many more applications such as the manufacture of footwear. To do 
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this we need to determine what factors determine strength and other physical properties of 

the leather. The chemical composition is one aspect being explored; in particular the 

proteins, cross-links and fat content. In order to understand further what affects the strength 

of ovine leather, the nanostructure of the material is a major focus of the project. Leather is 

comprised of two layers, the grain and the corium (Figure 1). Both layers are being looked at 

with the protein structure, fibril size, bundle size, orientation and density all making up 

separate components of the investigation.  

Figure 1: Magnified image of ovine leather displaying the grain and the corium 
layers (Basil-Jones, Edmonds et al. 2011). Images reprinted with permission from 

the Journal of Agricultural and Food Chemistry. 

In order to investigate the fibrous nanostructure specific techniques are required. 

Synchrotron based technique small angle X-ray scattering has become a crucial part of the 

project. Figures 2 and 3 depict the beam line and analysis of leather samples in both a static 

state and during the stretching process. The stretching process performed on the samples 

was individual to this experiment. The data obtained from it has provided a huge insight into 

how the collagen fibrils react when tension is applied to the sample. Data was taken 

portraying how the reaction changes when a greater tension is applied to the sample thus 

providing information relating to structure change over time in proportion to the tension 

applied. 
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Figure 2: The small angle X-ray scattering beam line at the Australian Synchrotron. 

a)   b)   

c)   

Figure 3: a) Static ovine leather samples being analysed on the small angle X-ray 
scattering beam line at the Australian Synchrotron, b) Ovine leather sample 

undergoing stretching during analysis by the small angle X-ray scattering beam 
line at the Australian Synchrotron, c) Experimental set up for stretching process 
(Basil-Jones, Edmonds et al. 2012). Images reprinted with permission from the 

Journal of Agricultural and Food Chemistry. 

Information regarding the structure and alignment of the collagen fibrils is provided by the 

small angle scattering pattern obtained on the synchrotron beam line. Through a series of 

processing steps the orientation index and d spacing of the collagen fibrils can be obtained 

(Figure 4). Both of these values illustrate the fibrous collagen structure within the two layers 

of the leather and the cross over between them. Depending on the change in the d spacing 
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and orientation index numbers we are able to determine how the fibrils react to tension, 

whether they become more aligned and whether the individual fibres stretch or not.

a)    b)

c)

Figure 4: a) small angle scattering pattern obtained from the Australian 
synchrotron, (Basil-Jones, Edmonds et al. 2012), b) graph displaying collagen 

peaks obtained through data processing, (Basil-Jones, Edmonds et al. 2012), c) 
graph displaying azimuthal angle of a leather sample obtained through data 

processing. Images reprinted with permission from the Journal of Agricultural and 
Food Chemistry. 

Leather samples analysed at the Australian Synchrotron were cut from leather skins in 

specific directions (Figure 5). With a full range of samples from all angles this ensured a 

clear three dimensional understanding of the collagen fibrils was obtained. Figure 5 refers to 

the sampling direction. “Backbone” indicates the direction of the animal backbone on the 

leather pelt. The edge on sample direction are in reference to the backbone as they are 

labeled parallel when cut parallel to the backbone and perpendicular when cut perpendicular 

to the backbone. 
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Figure 5: Sampling directions of ovine leather for analysis at the Australian 
Synchrotron (Basil-Jones, Edmonds et al. 2011). Image reprinted with permission 

from the Journal of Agricultural and Food Chemistry. 

One of the main elements being investigated is the orientation index. This is a measurement 

that shows how aligned the collagen fibrils are. The orientation index measurement is given 

a value within the range of zero to one. An orientation index of zero shows that the fibrous 

structure is not at all aligned. Thus logically an orientation index of one would be a 

completely aligned structure. 

The second major measurement under investigation is the d spacing. This is an internal 

measurement of the collagen fibrils. Each fibril is made up of five strands that are arranged 

in a staggered pattern (Figure 6b). The distance between one strand finishing and the next 

strand starting is referred to through the measurement called d spacing. With a lower d 

spacing value the strands will be tightly packed compared to a low d spacing value where 

the strand will be further away from each other. Images were taken using Atomic Force 

Microscopy (Figure 6a) that clearly display the bands formed by the staggered formation of 

the strands and the existence of the d spacing within the collagen fibrils. 
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a)     b) 

Figure 6: a) Atomic Force Microscopy image of collagen fibrils with clear definition 
enabling bands to be seen, b) Structure within a collagen fibril illustrating positions of 

d spacing bands. 

To further understand how the nanostructure of leather affects its strength and physical 

properties a measurement specific to the tear strength of leather was required. This tear 

strength was measured using LASRA facilities (Figure 7) and consisted of making a hole of 

uniform shape and size in the leather sample and applying a pulling force by opening the two 

jaws inserted into the hole until a tear in the material occurred.  The properties of the leather 

and how they change when tension is applied were characterized via an experiment 

completed at the Australian Synchrotron. Small angle X-ray scattering was performed on 

leather samples while they were undergoing a stretching process. From the data obtained 

the orientation index and d spacing of the samplings was acquired at every increment in the 

tension applied to the sample.  

          

Figure 7: Tear strength testing procedure.  a) Leather sample before tear strength test 
began, b) Leather sample during tear strength test. 
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Combining results from the LASRA tear strength tests and Australian Synchrotron data the 

structure-strength relationships could be evaluated. We determined that the orientation of 

the collagen fibrils within the leather samples correlates with strength.  

Figure 8: Structure-strength relationship displayed through combination of tear 
strength data and orientation indices (Basil-Jones, Edmonds et al. 2011). Image 
reprinted with permission from the Journal of Agricultural and Food Chemistry. 

As seen in Figure 8 it is a strong relationship that clearly portrays the affect orientation has 

on the strength of the leather. This relationship proved that fibrils crossing over between the 

grain and the corium layers does not equate to stronger leather. It is rather the orientation 

within the planes of the leather that is the important orientation aspect to consider. Figure 9 

illustrates what the collagen fibril arrangement would look like for a strong piece of leather 

highly orientated, Figure 9a) and a weak piece of leather (poorly orientated, Figure 9b). 

a)  b)  

Figure 9: a) Strong leather; highly orientated collagen fibrils within planes, little cross 
over between planes, b) Weak leather; little orientation within planes, large number of 

fibrils crossing over between planes, (Basil-Jones, Edmonds et al. 2011). Images 
reprinted with permission from the Journal of Agricultural and Food Chemistry. 
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The orientation index has been analysed across the width of the leather with results proving 

that there is a difference between the grain and the corium layers (Figure 10). This work 

followed on from the establishment of a strength-structure relationship among ovine leather 

samples. As is shown in the graph below, the corium layer of leather is much stronger than 

the grain layer. Even in the magnified image of a leather sample we are able to view that the 

corium appears to have a higher level of orientation than the grain layer thus equating to the 

corium pertaining a higher strength. 

Figure 10: Orientation index displaying difference between grain and corium layers,
(Basil-Jones, Edmonds et al. 2011). Images reprinted with permission from the 

Journal of Agricultural and Food Chemistry.

Through analysis of d spacing measurements the model through which leather stretches 

could be determined. From small angle X-ray spectroscopy patterns, d spacing values for 

the samples were obtained. When graphed against the strain applied to the samples it was 

conclusively found that the collagen fibrils first undergo alignment and second stretch (Figure 

11). When a force is exerted on the leather sample, rather than stretching the fabric the 

tension is initially absorbed through the collagen fibrils become more highly aligned. The 

force pulls the fibres that are out of orientation into place resulting in the orientation index of 

the sample increasing. Subsequent to realignment, the individual collagen fibres take up the 

tension causing each fibril to stretch in length. This is seen through an increase in the d 

spacing. Very clearly portrayed below, this provides significant insight into the sequence of 

reactions of fibrous collagen material when tension is applied.  

246



Figure 11: Orientation and d spacing changes in leather with applied strain. Closed 
circles: orientation index; open circles: d  spacing (Basil-Jones, Edmonds et al. 2012). 
Image reprinted with permission from the Journal of Agricultural and Food Chemistry.

The response to strain was not found to be uniform across weak and strong leather. As seen 

in Figure 12a there is a large response variation among the fibrils in weak leather. The d 

spacing is not changed in a uniform manor. Comparatively, Figure 12b displays the far more 

uniform response to tension within strong leather samples. Weak leather has a lower 

orientation index indicating that the fibrils will be in a random orientation. Subsequently the 

first reaction to tension, the realignment of fibrils, will vary largely between samples. Hence a 

non-uniform reaction to the application of tension among weak leather samples is found. 

Alternatively strong leather has a high orientation index. Thus the ability of the leather to 

realign itself with the introduction of tension is far less. Ultimately, majority of the variability 

that would have otherwise been experienced is eliminated. 

Figure 12: a) Strain response through the thickness of weak leather, b) Strain 
response through the thickness of strong leather, (Basil-Jones, Edmonds et al. 2012). 

Images reprinted with permission from the Journal of Agricultural and Food 
Chemistry.
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Conclusion 

A structure-strength relationship was found among ovine and bovine samples.  It is now 

understood that the orientation of fibrils within planes correlates to the tear strength 

capabilities of the leather. The cross-over of fibrils between the grain and the corium is not a 

significant factor relative to strength. The two different layers that leather is comprised of 

have been analysed and orientation among them determined. The fibrous collagen within the 

corium has a higher orientation and as such is a stronger than the grain. Following 

investigation of leather samples when force is applied the reaction of the fibres to tension 

was analysed. We determined that the first response to tension is realignment of the fibrils 

seen through an increase in orientation indices. The second response is for the fibrils to 

stretch, identified through the increase in d spacing. This response sequence was found to 

be very uniform among strong leather samples but variable in weak leather samples. The 

findings are significant and can not only be advantageous within the leather industry but they 

provide insight that can be applied to the cosmetic, medical and biological industries also. 
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Abstract 

Leather strength is believed to be largely due to the fibrous collagen which makes up a major 

proportion of the material. However, the strength of leather is not proportional to the amount of 

collagen which it contains. The structure of collagen in the leather produced from a range of animals 

is investigated using synchrotron based small angle x-ray scattering. It is shown that the tear strength 

of leather depends upon the alignment of the collagen fibrils. Tear-resistant material has the fibrils 

contained within parallel planes with little cross-over between the top and bottom surfaces. For tear 

strengths in the range 20–110 N/mm2 the orientation index ranges from 0.420–0.633 with a direct 

relationship between orientation index and strength. Greater alignment within the plane of the tissue 

results in stronger material. This study provides a valuable insight into the structural basis of strength 

in leather and the inherent differences between animal skins. 

Keywords: Synchrotron, small angle X-ray scattering, collagen, orientation, strength 

Introduction

Collagen is the main structural component of leather, skin (Fratzl 2008) and other materials such as 

medical scaffolds (Floden et al. 2010). The strength of these collagen materials is of crucial 

importance for each application. In a medical context, strength is a necessity for collagen-based 

extracellular matrix materials whilst a primary requirement for leather applications, such as shoes and 
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upholstery, is strength. Here we investigated the strength of collagen fibrils in leather and whether this 

corresponded with any physical properties of the material. 

Leather, a material obtained through processing, is made up of two parallel planes that are mostly 

comprised of fibrous collagen. As a strong, flexible, water-resistant material, leather is used in a wide 

variety of manufacturing applications including shoes, bags, furniture coverings and car upholstery. 

However the leather used for these products is mostly bovine leather as it has a far greater strength 

than that of ovine leather. If the nanostructure of ovine leather was understood then the ability to 

manipulate processes in order to achieve ovine leather of higher strength may be realized. 

In this experiment we analyse how the orientation of the collagen fibrils affects the strength of the 

leather. The amount of collagen present, the molecular structure of the collagen (�-spacing, collagen 

type), the nature of the cross-linking between collagen (Chan et al. 2009) and collagen bundle size are 

all factors previously considered as possibly contributing to the strength of collagen materials.

Synchrotron based technique small angle X-ray scattering (SAXS) provides an ideal platform for 

nanostructure analysis of the fibrous collagen. The small angle scattering pattern acquired provides 

information regarding the structure and alignment of the collagen fibrils. This synchrotron technique 

allows us to determine why leather has the properties it does and how the fibril structure relates to the 

desirable attributes present. Leather manufactured from different animals is able to be looked at in 

depth through the use of synchrotron techniques. The leather produced from the skin of different 

animals has varying strength values. Thus it is possible to compare the strength of each sample with 

the orientation of the collagen fibrils using SAXS data results. 

A statistically significant relationship was found between tear strength and edge-on orientation in our 

recent study of ovine and bovine leathers of differing strengths (Basil-Jones et al. 2011). � e 

speculated that this trend may be of a more general nature among leather from various animal species. 

Thus to see if this relationship is more widely applicable among other animals, we have now 

measured fibril orientation in seven species of mammals. � e used SAXS at a modern synchrotron 

facility as it allows analysis of a small area (2�0 � 80 m). Therefore measurements of fibril 

orientation edge-on in tissues that are of limited thickness were able to be obtained. 

Material and Methods

Leathers were generated using conventional techniques. Specifically fat and flesh was mechanically 

removed from the skin. Lime sulfide paint comprising of 140 g/L sodium sulfide, �0 g/L hydrated 

lime, and 23 g/L pre-gelled starch thickener was applied to the flesh side of the skin. The 

keratinaceous material was then removed after incubation of the skin at 20 �C for 16 hours. After this 
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treatment, the skin was washed and the pH was lowered to 8 with ammonium sulphate followed by 

the addition of Tanzyme, a commercial bate enzyme. The treated skin was then washed followed by 

pickling in 20� sodium chloride and 2� sulfuric acid. The pickled pelt was degreased using a non-

ionic surfactant, neutralised using 8� NaCl, 1� disodium phthalate solution and 1� formic acid, and 

tanned using chromium sulfate. The resulting wet-blue pelt was neutralised in 1� sodium formate and 

0.1�� sodium bicarbonate for 1 hour and then washed. The pelt was retanned using Tanicor, a 

synthetic retanning agent, and Mimosa, a vegetable extract. Fat liquors were added prior to drying and 

mechanical softening.  

Tear strengths were measured for all samples using standard methods (� illiams 2000a). In brief, 

samples were cut from the official sampling position (OSP) (� illiams 2000b). The samples were then 

conditioned at a constant temperature and humidity (20 �C and 6�� relative humidity) for 24 h after 

which time they were then tested on an Instron strength-testing device.   

Samples were prepared for SAXS analysis by cutting strips of leather of 1 � 30 mm from the OSP. 

Each sample was mounted without tension in the X-ray beam in two directions� edge on so 

measurements could be taken through the thickness of the leather and flat on or normal to the surface 

of leather. Note that the flat samples were physically split into two layers, grain and corium, to 

produce two samples from each piece of leather, before diffraction patterns were recorded. For the 

edge-on samples measurements were made every 0.2� mm with the measurements moving from the 

corium to the grain. The flat-on samples were mounted with the uncut face of the leather directed 

toward the X-ray beam. Four measurements were made per sample in a rectangular grid. �iffraction 

patterns were recorded on the Australian Synchrotron SAXS/� AXS beamline, using a high-intensity 

undulator source. Energy resolution of 10 4 was obtained from a cryo-cooled Si (111) double-crystal 

monochromator. The beam size �full width at half maximum (fwhm) focused at the sample was 2�0 � 

80 m, with a total photon flux of about 2 �1012 photons s-1. �iffraction patterns were recorded with 

an X-ray energy of 8 ke� using a Pilatus 1M detector with an active area of 1�0 � 1�0 mm and a 

sample-to-detector distance of 33�1 mm. Exposure time for the diffraction patterns was 1 s. 

�ata processing was carried out using SAXS1�I� software (Cookson et al. 2006). Orientation index 

(OI) is defined as (90°  OA)/90°, where OA is the minimum azimuthal angle range, centered at 180�, 

that contains �0� of the microfibrils (Basil-Jones et al. 2010�Sacks et al. 199�). OI provides a 

measure of the spread of microfibril orientation. An OI approaching 1 indicates that the microfibrils 

are parallel to each other, whereas an OI of 0 indicates the microfibrils are randomly oriented. The OI 

is calculated from the spread in azimuthal angle of the most intense d-spacing peak (at around 

0.059 0.060 Å 1) (Basil-Jones et al. 2011). Each OI value presented here represents the average of 

14 36 measurements of one sample. For edge-on mounted samples these measurements were taken at 

0.2� mm intervals moving from the top of the corium to the bottom of the grain so that the whole 
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thickness of the sample was covered. For flat-on analyses, measurements were taken at a number of 

points in a grid pattern. For the sheep and cattle samples the averages are derived from 228, 249, and 

16� measurements from 1�, 14,and 10 samples respectively and have been reported previously (Basil-

Jones et al. 2011). The �-spacing was determined for each pattern by taking the central position of 

several of the collagen peaks, dividing these by the peak order (usually from n � � to n � 10), and 

averaging the resulting values. 

Results and Discussion

Synchrotron based SAXS technique has become a crucial part of the project. The repeating fibril 

structure of collagen in the leather samples is represented by the SAXS pattern obtained on the 

beamline (Figure 1a). Each ring represents a collagen peak. Following integration, the collagen peaks 

become clearly distinguishable and the � spacing can be determined (Figure 1b). 

Figure 1. Leather analysis using SAXS (a) raw SAXS pattern. Reproduced from J. Agric. Food Chem.

(2013) 61, 88�-892 � American Chemical Society�(b) integration of SAXS pattern.

Through a series of processing steps the orientation index (OI) of the collagen fibrils can be obtained. 

Both the � spacing and the OI illustrate the fibrous collagen structure within the two layers of the 

leather and the cross over between them. Upon the application of stress the fibrils may become more 

aligned and the individual fibres may stretch. � e are able to determine how the fibrils react to the 

tension by looking at the � spacing and orientation index values. 

(b) 
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The � spacing for the samples analysed ranged from 62.8 to 6�.3 nm. This variation was found across 

a large range of strength (Figure 2). � e do not find any significant correlation between d spacing and 

strength. 

Figure 2. � spacing and tear strength of collagen fibrils in leather for selected mammals. Reproduced 

from J. Agric. Food Chem. (2013) 61, 88�-892 � American Chemical Society.

Leather samples analysed at the Australian Synchrotron were cut from leather skins in specific 

directions. � ith a full range of samples measured from all angles, a clear three dimensional 

understanding of the collagen fibrils was obtained. Figure 3 refers to the direction in which 

measurements were taken. “Backbone” indicates the direction of the animal backbone on the leather 

pelt. The edge on measurements taken span through the full thickness of the leather thus enabling the 

corium and grain layers and the crossover of fibrils between the layers to be analysed. The OI for 

these measurements conveys the degree to which the collagen fibrils are aligned within planes of the 

leather. The measurements taken normal to the surface portray the fibrils on the surface of the leather. 
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Figure 3. Measurement directions of leather samples used during analysis on the SAXS beamline at 

the Australian Synchrotron. 

There is a large difference in OI between the measurements taken normal to the surface and 

measurements taken edge on. The OI numbers for the measurements normal to the surface are in the 

range of 0.18 0.35, with the exception of horse leather (Figure 4a). The edge-on measurements 

displayed OI values significantly higher (0.41 0.63) indicating the major component of fibril 

alignment is within the planes of the leather (Figure 4b) (Sizeland et al. 2013). 

Figure 4. Orientation index and tear strength of collagen fibrils in leather for selected mammals (a) 

measured normal to the surface, (b) measured edge on. Reproduced from J. Agric. Food Chem. (2013) 61,

88�-892 � American Chemical Society.

� e find a strong correlation between OI and tear strength for the edge on measurements. For the 

measurements taken normal to the surface of leather, we find little correlation if horse leather is 

excluded as an outlier. Therefore the tear strength of leather is relative to the planar alignment of the 

collagen fibrils. 

Edge on EE

Normal to 
the surface 

o
ce
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� hen fibrils are not aligned within the planes but rather are aligned perpendicular to the planes, the 

fibres will not put up much resistance as they will be separated by any force applied (Figure �a). This 

occurs in Hereford cattle (Amos 19�8�Kronick and Sacks 1991) and is known as vertical fibre defect. 

No samples with this defect were included in this study. � hen there is a high degree of alignment of 

the fibres in the planes, maximum strength is obtained (Figure �c). � hen fibres are found to be 

anisotropic, strength will be greater than samples with vertical fibre defect as some of the fibrils will 

be more in line with the parallel planes of the leather. 

Figure 5. Relationship between OI of collagen fibrils and strength of skin. OI measured edge-on with 

orientation that results in leather that is (a) very weak (vertical fibre defect), (b) medium strength (low 

OI), or (c) strong (high OI). Arrow indicates direction of applied stress in tear measurements. 
Reproduced from J. Agric. Food Chem. (2013) 61, 88�-892 � American Chemical Society.

Tearing is used as the industry standard for leather strength. Tearing occurs at the two ends of a linear 

cut hole when looking normal to the surface of the leather (Figure 6). High OI values may indicate 

fibres running both parallel to (Figure 6a) and perpendicular to (Figure 6b) the hole. Strength will be 

low for samples with these structures as fibrils can be pulled apart along the shear lines with minimal 

force. Consequently it is expected that maximum strength will be associated with low OI indicating 

anisotropically arranged fibrils (Figure 6c). 
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Figure 6. Relationship between OI of collagen fibrils and strength of skin. OI measured normal to the 

surface with orientation that results in leather that is (a) weak (high OI), (b) fairly weak (high OI), (c) 

strong in all directions. Arrow indicates direction of applied stress in tear measurements. �ashed lines 

represent probable lines of failure. Reproduced from J. Agric. Food Chem. (2013) 61, 88�-892 � American 

Chemical Society.

Conclusion

� e investigated leather samples from a range of different mammals to develop an understanding of 

the structure-strength relationship. The correlation between tear strength and orientation of fibrils for 

edge on samples is remarkably quantitative. The strength range across which this relationship holds is 

much greater than has previously been demonstrated. This insight into collagen fibril structure may 

extend to tissues other than those studied here. 
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Abstract

The arrangement of collagen fibrils in leather is complex. Synchrotron based small angle X-ray 

scattering enables detailed structural information to be obtained. The variation in fibril orientation 

through cross sections of leather, and structural responses to dynamic loads between strong and weak 

leather were studied. Under tension, fibrils reorient at low strain then individual fibrils stretch at 

higher strain. In strong leather the load is taken up more uniformly across the thickness of leather 

compared with weak leather. This study provides an insight into the structural basis of strength in 

leather and the response of leather to stress. 

Keywords: Synchrotron, Small angle x-ray scattering, orientation, strength

1. Introduction

The physical properties of leather depend upon the composition (proteins, fat, other components), the 

structural arrangement of these components and the chemical interactions between these components. 

Collagen is the main structural component of leather, responsible for its strength. Other molecular 

components, even at minor concentrations, can interact with collagen to affect the physical 

characteristics of leather. In particular, chemical cross-linking agents such as chromium salts or 

tannins link collagen fibrils and alter their mechanical properties and oils may act as lubricants of the 
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collagen matrix and alter the strength and suppleness of the leather. These components are 

fundamental to leather making. 

Therefore, to understand leather, knowledge of the collagen fibril structure and arrangement is 

important. Measurement and an understanding of the variation of this structure with different 

processing methods, from different skins and hides, in good leather and defective leather, and during 

tension can contribute to the control of mechanical properties and to the art of leather manufacture. 

The arrangement of collagen fibril structure in biological tissues has long been a subject of interest and 

has been investigated by a variety of methods. These methods include reflection anisotropy (Schofield 

et al. 2011), atomic force microscopy (Friedrichs et al. 200�), small angle light scattering (Billiar and 

Sacks 199�), confocal laser scattering (Jor et al. 2011), raman polarization microscopy (Falgayrac et 

al. 2010), anisotropic raman scattering (Janko et al. 2010), multiphoton microscopy (Lilledahl et al. 

2011) and small angle X-ray scattering (SAXS) (Basil-Jones et al. 2010�Basil-Jones et al. 2011�Basil-

Jones et al. 2012a�Boote et al. 2002� Kronick and Buechler 1986�Sizeland et al. 2013b).  

It is recognized that defects in the collagen fibre arrangement can lead to poor quality leather with 

vertical fibre defect, a well know issue with some Hereford leather (�uivestein et al. 2000�Kronick 

and Sacks 1991). 

X-ray diffraction is is a powerful technique for investigating material structures, giving information on

long range structural order, with repeat distances in the order of 0.1 to 10 nm. It can be used for

protein assemblages, such as collagen.  For protein structures, small diffraction angles, , are 

measured, typically less than 10 degrees so that this X-ray diffraction technique is referred to as small 

angle X-ray scattering (SAXS).  In SAXS the scattering momentum q is generally used rather than 

(q = 4 sin /  where  is the X-ray wavelength used) as it allows direct comparison of SAXS measured 

at different incident X-ray wavelengths. SAXS can provide information on macromolecules either in 

solution or in solid materials (Bernado et al. 200��Tsutakawa et al. 200�) and has been used to 

investigate the structure of collagen (Cameron et al. 2002) and collagenous materials such as tendon 

(Sasaki and Odajima 1996a�Sasaki and Odajima 1996b)� bone (Burger et al. 2008�Cedola et al. 2006) 

and human articular cartilage (Mollenhauer et al. 2003). SAXS provides a quantitative measurement 

of both fibril orientation and the average d-spacing of collagen within the irradiated volume of sample.  

SAXS can be performed on laboratory based instruments or on more synchrotron based instruments. 

The SAXS beam line at the Australian Synchrotron has several advantages over laboratory sources for 

characterization of leather. These are a focused beam (typically 250 x 80 m) enabling detailed cross 
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sectional analysis of leather, very rapid sample collection, and very good signal to noise ratio due to 

the very high X-ray flux and very sensitive two dimensional detector. In addition the facility is staffed 

by scientists who are expert in their field and who maintain the facility at optimum performance and 

provide support to users. Access to the SAXS beamline is by competitive application. The facility 

operates 24 hours per day and experiments normally must be completed over a limited time, typically 

one or two days, so that very careful preparation is necessary prior to each experiment.  

 
Here we describe the use of SAXS to understand the structure and arrangement of collagen fibrils in 

ovine and bovine leather and to derive the relationship between collagen structure and the physical 

characteristics, particularly strength, of leather.  

2. Material and Methods 

The methods have been described previously (Basil-Jones et al. 2012a).  

Ovine pelts were from �-month-old, early season �black faced� lambs, of breeds which may include 

Suffolk, South Suffolk and �orset �own. The bovine hides were from 2–3 year old cattle of a variety 

of breeds. 

Leathers were generated with various properties by using a range of processing parameters both during 

the conventional beamhouse process and then during the conventional tanning of the pelts. 

Specifically, the pelts were depilated using a caustic treatment comprising sodium sulfide (ranging 

from a slow-acting paint containing 160 g/L flake sodium sulfide to a quick-acting paint containing 

200 g/L sodium sulfide) and a saturated solution of calcium hydroxide. �epilated slats were then 

processed to remove the residual wool in a solution of sodium sulfide ranging in concentration from 

0.8 to 2.4� for 8–16 hours at temperatures ranging from 16 �C to 24 �C. After this treatment, the pelts 

were washed and treated with a proteolytic enzyme – either a bacterial enzyme (Tanzyme, Tryptec 

Biochemicals Ltd) or a pancreatic one (Rohapon ANZ, Shamrock Ltd) – at concentrations ranging 

from 0.02� � to 0.1 �, followed by pickling in a 2� sulfuric acid, 10� sodium chloride solution. The 

pickled pelts were then pretanned using oxazolidine, degreased with an aqueous surfactant and before 

being tanned using chromium sulfate. The resulting “wet blue” was then retanned using a mimosa 

vegetable extract and impregnated with lubricating oil prior to drying and mechanical softening. 

The tear strength of the crust leathers was tested using standard methods (� illiams 2000a).Samples 

(strips 1 x �0 mm) were cut from the leather at the official sampling positions (OSP) (� illiams 
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2000b), parallel to the backbone. The bovine leather was shaved to produce samples approximately 

1.3 mm thick consisting, on average, of 34� grain and 66� corium. All samples were then 

conditioned by storage at a constant temperature and humidity (20�C and 6�� relative humidity, 

respectively) for 24 hours, after which time they were tested using an Instron strength-testing device. 

Leather samples were tested either statically or under load. Static samples were mounted on a plate 

containing up to 24 samples with sample changing taking place remotely (Figure 1, left).  

Figure 1. Sample mounting for SAXS measurements for left) static measurements. Reproduced from J. 

Agric. Food Chem. (2010) 58, �286-�291 � American Chemical Society�right) measurement during 

stretching. Reproduced from J. Agric. Food Chem. (2012) 60, 1201 1208 � American Chemical Society.

For the samples under load, a stretching apparatus was built (Figure 1, right). A linear motor, Linmot 

PS01 – 48x240/30x180-C (NTI AG, Switzerland), was mounted on a purpose-built frame with a 

custom-made clamp fitted to the end of the slider. The clamp was designed so that the leather would 

not be subjected to a sharp point load. A L6� Aluminum Alloy OIML single-point loadcell 

(Hangzhou � anto Precision Technology Co., Zhejiang, China) was attached to second clamp that held 

the other end of the sample and was attached to the frame. Each leather sample was mounted 

horizontally between the clamps without tension and then moved into the X-ray beam. The sample 

was stretched in 1 mm increments until a force was registered by the loadcell. The slider was then 

moved back 1 mm to reduce the tension on the sample and diffraction patterns were recorded edge-on 

and parallel to the backbone. Measurements were made, depending on the mounted orientation of the 

leather, either normal to the leather surface (flat) in a 0.� mm grid of four points or edge-on at 0.10 to 

0.20 mm intervals across the sample from the grain to the corium. The sample was stretched 1 mm, 

and maintained at this extension for 1 minute to stabilize, before a SAXS pattern was recorded. The 

extension and the force information were recorded. This process was repeated until the sample failed. 
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Note that the flat samples were physically split into two layers, grain and corium, resulting in the 

production of two samples from each piece of leather, before diffraction patterns were recorded. 

�iffraction patterns were recorded on the Australian Synchrotron SAXS/� AXS beamline, using a

high-intensity undulator source. Energy resolution of 10-4 was obtained from a cryo-cooled Si (111) 

double-crystal monochromator to produce a beam size (F� HM focused at the sample) of 2�0 x 80 

m, with a total photon flux of about 2 x 1012 ph.s-1. All diffraction patterns were recorded with an X-

ray energy of 11 ke� (or 8 ke�) using a Pilatus 1M detector with an active area of 1�0 x 1�0 mm and 

a sample-to-detector distance of 33�1 mm. The absorption edge of zinc at 9.6�9 ke� was used to 

calibrate the energy and to set the zero angle of the monochromator. This resulted in energy 

calibration across the energy range used being better than � e� and typically better than 2 e�. A 

diffraction peak of silver behenate was used to scale the camera length. The correct value of q is then 

calculated by trigonometry for each pixel in each diffraction image. Exposure time for diffraction 

patterns was 1 s and data processing was carried out using the SAXS1�I� software (Cookson et al.

2006). No normalization was performed for changes in beam intensity. 

3. Results and Discussion 

The SAXS patterns recorded on leather show clearly the d-spacing and the orientation of the fibrils 

(Figure 2). The d-spacing is visible as a series of partial (or full) rings. The rings are of increasing 

diffraction order, so that the d-spacing can be calculated from any ring by dividing the space between 

rings by the order. In practice, the d-spacing is determined by averaging the central values of several 

collagen peaks (usually from n � � to n � 10). The orientation is apparent in the extent to which the 

collagen d-spacing diffraction rings extend around the full circle. This is quantified this by defining an 

orientation index (OI), which is defined as (90� – OA)/90�. The OA is the minimum azimuthal angle 

range that contains �0� of the microfibrils centered at 180�. The OI is used to give a measure of the 

spread of microfibril orientation (an OI of 1 indicates the microfibrils are completely parallel to each 

other� an OI of 0 indicates the microfibrils are completely randomly oriented). The OI is calculated 

from the spread in azimuthal angle of one of the most intense d-spacing peaks (at around 0.0�9–0.060 

�–1).
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Figure 2. Left�SAXS pattern of leather, showing the rings due to the d-banding of collagen. The 

orientation is apparent by the rings not extending around 360�. Right� An atomic force microscope 

image of bovine intestine, for an illustration of the structure of collagen fibrils to aid in understanding 

the SAXS pattern. 

Selective information can be extracted from the SAXS pattern and represented in different forms. For 

example a radially integrated pattern can be plotted (losing the information on azimuthal variation) as 

in Figure 3 (left). The sharp peaks at higher q are due to the d-period, whereas the broader pattern at 

low q is due to the thickness of the collagen fibrils and the bundling of these fibrils. The variation in 

intensity with azimuthal angle can also be plotted. For example the variation in intensity at just one 

radial angle (corresponding to a d band) can be plotted as in Figure 3 (right) showing fibrils well 

aligned in the horizontal axis (0� – 180�). An orientation profile can be obtained by taking just this 

portion of data for a series of measurements through the thickness of a piece of leather from grain to 

corium (Figure 4). 

Figure 3. Left� Radially integrated SAXS pattern with the sharp peaks due to the d-period visible� 

Right� Azimuthally integrated SAXS pattern at a radial angle corresponding with a d-period indicating 

fibril orientation. 
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Figure 4. The Azimuthally integrated SAXS pattern through the thickness of ovine leather at the 

collagen d-spacing of around 0.0�9-0.06 �-1. Reproduced from J. Agric. Food Chem. (2010) 58, �286-�291 

� American Chemical Society.

� ith these techniques it is possible to investigate the variation in d-spacing and fibril orientation 

through the thickness of leather, or at different positions in a piece of leather. For example, scanning 

through ovine and bovine leather a variation in d-spacing is observed with a lower d-period in the 

central region (Figure �, left). The OI also varies through the leather, with a lower OI in the grain and 

a higher OI in the corium. This difference in orientation is known from optical imaging, however, 

SAXS enables a more reliable quantification of the average fibril orientation.

Figure 5.  Left: �ariation in d-spacing through representative samples of ( ) ovine and ( ) bovine 

leathers. Right� Average orientation index across the thickness of ovine leather measured parallel to 

the backbone. An average of 24 leather samples (1 measurement per sample). Adapted from J. Agric. 

Food Chem. (2011) 59, 99�2 99�9 � American Chemical Society.
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�ariations in d-period and OI for leathers of differing strength have been compared. There is not a

strong correlation of d-period with strength (Basil-Jones et al. 2011�Sizeland et al. 2013b). There is 

however a good correlation of OI with strength (Basil-Jones et al. 2011�Sizeland et al. 2013a�

Sizeland et al. 2013b). A comparison of ovine leather grouped into weak and strong samples, and 

bovine leather which is stronger than the ovine leather, shows a significant correlation between 

average OI and strength (Figure 6). A regression line fitted to the averages of the three groups of data 

for OI and tear strength (low strength ovine� 1� samples, 228 analysis points� higher strength ovine� 14 

samples, 249 analysis points� and bovine� 10 samples, 16� analysis points) has a slope of 1.�08 x 10-3

mm/N, r2 � 0.20, p � 4.4� x 10-�. This relationship applies within a species (i.e. sheep) and is 

maintained between species (sheep and cattle). These measurements have recently been extended to 

hides from other mammals (Sizeland et al. 2013a�Sizeland et al. 2013b). The results obtained suggest 

that the relationship between fibril orientation and strength is a universal property of leather� strength 

is determined by fibril orientation, such that stronger leather has the fibrils arranged mostly parallel to 

the plane of the leather surface (low angle of weave), while weaker leather has more out-of-plane 

fibrils (higher angle of weave).

Figure 6. Orientation versus tear strength for the averages of each of the leather types measured 

through the edge parallel to the backbone.  Adapted from J. Agric. Food Chem. (2011) 59, 99�2 99�9 �

American Chemical Society.

Further information on the mechanical performance of leather can be obtained by stretching during 

SAXS measurements. It is observed that, under applied stress, the collagen fibrils in leather first 

rearrange to become more aligned (OI increases) before the fibrils stretch and the d-period increases 

(Figure �). The change in d-period can be used as an internal strain gauge, giving a measure of the 

strain experienced by individual fibrils. 
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Figure 7. d-spacing and orientation versus strain measured edge-on, parallel to the backbone: ( ) d

spacing and ( ) OI (parallel, OSP) for stronger ovine, 39 N/mm tear strength. Reproduced from J. Agric. 

Food Chem. (2012) 60, 1201 1208 � American Chemical Society.

It is also possible to monitor the variation in fibril orientation and d-spacing through the thickness of 

leather during strain. The stress that the collagen fibrils experience in different parts of the leather 

differs, as shown in Figure 8 where the fibrils in the centre of the corium and the surface of the grain 

of weak ovine leather undergo significantly more deformation that in the central region of the leather.

There are differences in the deformation behaviour of weak and strong leather with strong leather 

tending to take up the stress over the full width of the leather and weak leather tending to have an 

uneven distribution of stress (Basil-Jones et al. 2012b). 

Figure 8. d spacing through the thickness of the leather and change in d spacing as a consequence of 

increasing strain, measured edge-on parallel to the backbone for weak ovine, 19 N/mm tear strength. 
Adapted from J. Agric. Food Chem. (2012) 60, 1201 1208 � American Chemical Society.

4. Conclusion 
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Synchrotron based small angle X-ray scattering has been shown to be a powerful technique for 

understanding the structure of leather. It provides information on fibril orientation and structure. 

Changes taking place during strain of the leather have been observed. These techniques have been 

used to study strength–structure relationships. It has been possible to show a correlation between 

strength and collagen fibril orientation, where leather that has fibrils more aligned in the plane of the 

leather is stronger. �uring tension, collagen fibrils first realign and then stretch. These methods can be 

extended to study the structure of leather during the stages of processing, with different tanning 

techniques and can enable the properties of leather obtained by different tanning procedures to be 

understood in terms of microstructure.  
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Short Summary

Oils and moisturisers are often added to skin in an attempt to create a smoother, more supple 

feel. Additives have been shown to modify the collagen fibrils of processed skin, extending 

the fibril length. If a similar process could take place in living skin it may improve the 

appearance and strength of skin. Synchrotron-based small angle X-ray scattering has been 

used to investigate the modification of the collagen structure by model compounds. These 

model compounds were chosen because of their opposite effects on protein solubility. Urea,

which is an osmolyte, is often used to solubilise proteins and is commonly used in skin care 

products, while the amino acids proline and hydroxyproline are known to precipitate proteins. 

� ith the addition of urea, proline and hydroxyproline, the �-spacing of the collagen fibrils 

increased and the orientation index decreased. � e discuss how the model compounds may 

affect collagen structure by possibly manipulating the hydrogen bonding network. If the 

mechanisms for modification of the structure of collagen by fat liquors and other additives 

can be understood, insights may be gained that will lead to better comprehension of existing 

skin formulations and the development of new formulations based on more in-depth 

knowledge about the action of moisturisers and cosmetic products on living skin. 
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Introduction

Skin and the much desired smooth, wrinkle-free complexion of youthful skin is an 

important topic of study for cosmetic science. Collagen I is an important component of skin 

that contributes to its structure and appearance. In-situ modification of the structure of 

collagen may be an important component of the action of skin care cosmetics. 

Hydrating or lubricating liquids and gels are added to skin products to achieve a strong, 

supple feel in both the cosmetics industry and the leather industry. In the leather making 

process, animal skin is converted to a durable, strong and supple material. As leather is the 

product of processed animal skin, the collagen fibre structure of this complex biomaterial is 

similar to that of living skin, as well as pericardium and some other tissues. Like skin, Type I 

collagen accounts for most of the complex architecture of leather, and it is this fibrous 

collagen network and the interactions occurring within it that can be held largely accountable 

for the physical attributes of leather (Russell, 1988, Rabinovich, 2001, Michel, 2004, Chan et 

al., 2009, Basil-Jones et al., 2011). 

Fat liquoring is part of the manufacturing process of leather, whereby penetrating oils are 

added to achieve the high strength and soft, supple feel of the finished product. These 

additives have been shown to modify the collagen fibrils and extend the fibril length

(Sizeland et al., 2013b). The cosmetic industry is founded on the desire of many women (and 

men) to protect their skin and to avoid the natural signs of aging through the topical 

application of moisturisers that contain natural oils, fats and other compounds designed to 

penetrate the dermis. � hile there has been much research into the effects of urea, various 

273



peptides and a number of oils and fats, little is known of how they affect the physical 

properties of skin at a molecular level.

In order to comprehend how fat liquor and other additives affect the architecture of 

collagen in skin, it is important to gain an understanding about the structure of collagen itself. 

A collagen molecule is a repeating amino acid sequence, Gly (glycine)-X-�, which forms an 

alpha helical polypeptide chain with a left-hand twist. The (Gly-X-�)n repeating pattern is 

one of the distinctive features of collagen. A high proportion of the amino acids proline and 

hydroxyproline occupy the X and � positions, respectively, with the most common triplet in 

collagen being Gly-Pro-Hyp, which accounts for about 10� of the total sequence (Ramshaw 

et al., 1998). Three of collagen molecules twist together in a right-hand manner to form a 

triple helix, or tropocollagen. Hydrogen bonds between side-chains stabilise the 

tropocollagen quaternary structure along with some covalent crosslinks. Larger collagen 

fibrils are assembled from up to five tropocollagens. A part of the fibril contains four 

tropocollagen molecules and a part contains five, due to staggering of the tropocollagen 

molecules. This difference is responsible for the banding of collagen structures, visible with 

atomic force microscopy or transmitting electron microscopy, and is known as the �-spacing,

which can be measured. � ithin each fibril, the tropocollagen molecules are held together by 

crosslinks formed between lysine and allolysine as a result of the action of an enzyme lysyl 

oxidase. The �-spacing varies with tissue types, animal species (Sizeland et al., 2013a), age

(James et al., 1991), mechanical stress (Basil-Jones et al., 2012) and chemical treatment

(Ripamonti et al., 1980). 

The arrangement of collagen fibrils may also vary, and one aspect that can be measured is 

the orientation and spread in orientation of the fibrils. The relationship between the 

274



orientation of fibrils and the mechanical strength has been characterised (Fratzl and 

� einkamer, 200�), and the correlation of strength with the orientation of collagen measured 

edge-on (alignment in-plane) has been shown in both bovine and ovine skin (Basil-Jones et 

al., 2011, Basil-Jones et al., 2012). This correlation extends across a range of mammal 

species with a strength range of over a factor of five (Sizeland et al., 2013a). There may also 

be a correlation between strength and fibril diameter (Parry et al., 19�8,� ells et al., 2013). 

Critical elements in maintaining the stability of macromolecular assemblies of collagen are 

the extensive, highly structured hydration shell and hydrogen bond networks around the 

collagen triple helices in which hydrogen bonds involving water form bridges between 

collagen fibrils (Bella et al., 1994, Naito et al., 1994, Bella et al., 199�). 

Hydrogen bonding, both direct and water-mediated, plays a critical role in maintaining the 

stability of proteins such as collagen. The addition of dissolved amino acids to a protein may 

affect hydrogen bonding, depending on the amino acid added. If hydrogen bonds are 

modified, the triple helices and consequently the collagen fibril structure will be directly 

impacted.

It is standard practice to add fat liquors to skin during leather processing, however, the 

affect this has on the structure of collagen has only recently been investigated (Sizeland et al., 

2013b). To better understand the influence of the penetrating oils on the molecular structure 

of collagen, the fibril orientation and axial periodicity of collagen fibrils have been quantified 

for samples processed with model compounds using synchrotron-based small angle X-ray 

scattering (SAXS). Three compounds were chosen� urea, known to solubilise proteins, and 

the amino acids proline and hydroxyproline, both known precipitators of proteins (Record et 

al., 2013). Here we report how the addition of urea, proline, and hydroxyproline affects the 

physical properties of ovine skin, in order to understand their effect at the structural level. In 
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addition, we compare the effects with that of lanolin, a compound used in many commercial 

skin preparations, which we have previously seen to modify collagen (Sizeland et al., 2013b). 

� e hope to be able to extend this knowledge to the action of moisturisers and cosmetic 

products on living skin. 

Methodology

Leather preparation 

Ovine skin from the leather industry was used as a model material to investigate collagen 

modification by urea, hydroxyl-L-proline (Sigma-Aldrich), L-proline (Sigma-Aldrich) and

lanolin (Sigma-Aldrich). 

Ovine pelts were obtained from �-month-old, early season, New Zealand Romney cross

lambs. The leather was generated using conventional beamhouse and tanning processes.

Specifically, the skins were depilated using a caustic treatment comprising sodium sulfide 

and calcium hydroxide. The leather was then rotated in a drum for 16 hr at 20�C in a 1.2� 

sodium sulfide solution to remove any residual keratinaceous material. The skins were next

washed to remove the lime and treated with 0.1� of a commercial bate enzyme (Tanzyme, 

Tryptec Biochemicals, Ltd.). They were then pickled in a 2� sulfuric acid and 10� sodium 

chloride solution. The pickled pelts were pre-tanned using oxazolidine, degreased with an 

aqueous surfactant, and tanned using chromium sulfate. Finally, a 3� vegetable tanning 

material (mimosa, Tanac, Brazil) was used to re-tan the resulting �wet blue�.

In conventional beamhouse processing, fat liquors are added at this stage to the wet blue 

pelts prior to fixing with 0.�� formic acid, washing, drying and mechanical softening. 

However, to make the samples for this study, the fat liquor was replaced with urea, L-proline 

and hydroxyl-L-proline at concentrations of 4� and �.2� by weight of wet leather. Two 

276



further samples were prepared� one with lanolin (Sigma) at a concentration of 8� by weight 

of wet leather and one with no additives at all. 

Synchrotron SAXS 

The samples for SAXS analysis were cut from the official sampling position (OSP) 

(Williams, 2000) in strips 1 × 30 mm. Each sample was mounted without tension in the X-ray 

beam to obtain scattering patterns through the sample’s full thickness. Each data point 

presented here (D-spacing, OI) is the average of 11-17 diffraction patterns recorded every 

0.25 mm through the cross-section from the grain to the corium except the sample with no 

additives, which is the average of 6 patterns. Diffraction patterns were recorded on the 

Australian Synchrotron SAXS/WAXS beamline using a high-intensity undulator source. 

Energy resolution of 10 was obtained from a cryo-cooled Si (111), double-crystal 

total photon flux of about 2 × 1012 photons s . All diffraction patterns were recorded with an 

X-ray energy of 11 keV using a Pilatus 1 M detector with an active area of 170 × 170 mm 

and a sample-to-detector distance of 3371 mm. Exposure time for diffraction patterns was 1 s, 

and data processing was carried out using the SAXS15ID software (Cookson et al., 2006). 

Orientation index 

A measure of the spread in orientation of the microfibrils is given by the orientation index 

(OI), with an OI of 1 indicating the microfibrils are parallel to each other and an OI of 0

indicating the microfibrils are randomly oriented. OI is defined as (90° – OA)/90°, where OA 

is the minimum azimuthal angle range that contains 50% of the microfibrils. This measure is 

based on Sack’s method for light scattering (Sacks et al., 1997) but converted to an index 

(Basil-Jones et al., 2011) using the spread in azimuthal angle of one or more Bragg peaks. 
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The peak used was typically the sixth order peak at approximately 0.055-0.059 �–1 as it is

one of the most intense D-spacing peaks. The peak area is measured, above a fitted baseline, 

at each azimuthal angle.

����acin� 

Bragg’s �aw was used to determine the D-spacing of collagen for each diffraction pattern

by taking the central position of several collagen peaks, dividing these by the peak order 

(usually from n � 5 to n �10) and averaging the resulting values.

Results

SAXS patterns were obtained for the samples processed with no additives, with the model 

compounds (hydroxyproline, proline and urea) and with lanolin. Diffraction rings that occur 

due to the axial periodicity displayed by collagen were clearly visible in every spectrum 

(�igure 1a). The varying and non-uniform intensity around the azimuthal angle of the rings 

indicates the orientation of the fibrils. The integrated intensity of the scattering pattern can be 

plotted against �(�igure 1b), the azimuthal angle, and the D-spacing calculated using the 

position of the diffraction peaks. 

Figure 1. Example of SAXS of collagen� (a) raw SAXS pattern� (b) integrated intensity 

profile.

(a) 
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The addition of urea, proline and hydroxyproline all result in statistically significant increases 

in the D-spacing of collagen fibrils (�igure 2, for full statistics see Table 1). The D-spacing 

increased from 60.2 ( � 0.�2) nm for samples with no fat li�uor or additives up to 

maximums of 63.� ( � 0.25, P � 3.�� x 10-11 at an alpha of 0.05) nm for urea. A D-spacing 

change occurred when 7.2% urea was added with an increase of 3.2 nm or 5.3%. The D-

spacing of leather with �% lanolin was found to be 63.2 (0.50) nm, an increase of 3.0 nm. 

Figure 2. Collagen D-spacing versus additive percentage for processed skin� (

( ) lanolin, ( ) hydroxyproline, ( ) proline, and ( ) urea. Each point is the average value 

taken from 11–17 scattering patterns, except the 0% sample, which is the average of 6 

patterns. 

The OI of the collagen fibrils decreased with the addition of the model compounds (�igure 3), 

with statistically significant decreases occurring with the addition of �% hydroxyproline, 

7.2% hydroxyproline and �% urea. The OI decreased from 0.59 ( � 0.05) for samples with 

no fat li�uor or additives down to 0.�� ( � 0.12, P � 0.0095 at an alpha of 0.05) for urea. 

The largest OI change occurred when �% urea was added, with a decrease of 0.15 nm or 

25.3%. The OI of �% lanolin was found to be 0.69 ( �0.06) which, in contrast to the other 

compounds, is an increase.
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Figure 3. Collagen orientation index (OI) versus additive percentage for processed skin� (

no additives, ( ) lanolin, ( ) hydroxyproline, ( ) proline, and ( ) urea. Each point is the 

average value taken from 11-17 scattering patterns, except the 0 % sample which is the 

average of 6 patterns.

Orientation Index comparison D-spacing comparison 

Difference 
in values 

Statistical 
Significance t statistic P value 

Difference 
in values 

(nm) 

Statistical 
Significance t statistic P value 

0% to 4% 
hydroxyproline -0.0580 Significant 2.33 0.0307 2.2182 Significant -13.10 <0.0001 

0% to 7.2% 
hydroxyproline -0.0992 Significant 4.21 0.0004 2.1416 Significant -10.54 <0.0001 

0% to 4% 
proline -0.0107 Not 

Significant 0.45 0.6600 2.8499 Significant -18.31 <0.0001 

0% to 7.2% 
proline 0.0005 Not 

Significant -0.15 0.9880 3.0729 Significant -20.48 <0.0001 

0% to 4% urea -0.1486 Significant 2.90 0.0095 2.7751 Significant -18.79 <0.0001 

0% to 7.2% 
urea -0.0422 Not 

Significant 1.69 0.1120 3.1757 Significant -19.72 <0.0001 

0% to 8% 
lanolin -0.0998 Significant -3.36 0.0030 2.9274 Significant -12.82 <0.0001 

Table 1. Statistics for orientation index (OI) and D-spacing values when comparing samples 
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with no additives (0%) to samples with added model compounds. All t-tests were calculated 

using and alpha of 0.05. 

Discussion

We found that urea changed the collagen fibril OI and D-spacing. �rea and other small 

organic compounds have a definitive use within skin care formulations. With this in mind, a

way of predicting or outlining how such additives might alter the architecture of collagen 

would benefit the cosmetics industry hugely. 

The observed D-spacing increase that the addition of the amino acids produces can be 

physically e�uated to a lengthening of the collagen fibrils. The mechanisms coming into play 

to attain such a lengthening may be due to alterations within the hydrogen bond network. 

�ydrogen bonds are an important structural component of collagen. Two sets of interchain 

hydrogen bonds, one direct and one water-mediated, have been detected for a collagen-like 

peptide (�ramer et al., 1999). Both direct hydrogen bonds and water-mediated hydrogen 

bonds contribute to collagen stability. 

�irstly, let us consider direct hydrogen bonds. The �-� of glycine and the O�C of the 

residue in the X position on ad�acent polypeptide strands within every tropocollagen are 

linked by direct hydrogen bonds. There are also hydrogen bonds between the side-chains of 

the amino acids and main-chain atoms, as well as side-chain–side-chain hydrogen bonds. 

�rea is known to act by forming hydrogen bonds with peptide groups (�im et al., 2009). It is 

therefore possible that the increase in the tropocollagen unit length could be the result of urea

breaking some �-bonds within the triple helix, resulting in looser coiling (Bella et al., 199�).

This would result in an increase in D-spacing with the effect spread e�ually over both the gap 

and the overlap region of the fibril. Interestingly, lanolin had a similar effect. The D-spacing 
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values of collagen after addition of urea at 63.0 ( � 0.2�) nm at �% concentration and 63.� 

( � 0.25) nm at 7.2% concentration are similar to those of collagen samples made with �% 

lanolin, with a value of 63.2 ( � 0.50) nm. �anolin, a long-chain waxy ester, is likely to have 

a different mechanism based on its hydrophobic properties and its effect on water structure. 

The effect of urea was expected, based on �im (P�AS 2009) and �ecord (�ecord et al., 

2013). �owever, given the  protein-precipitating properties of proline (�ecord et al., 2013), 

we expected proline and hydroxyproline to have the opposite effect, that of shortening the D-

spacing. This we did not observe, but rather saw an extension of the D-spacing (Table 1). 

�ow, let us turn to water-mediated hydrogen bonds. In the presence of hydrophobic 

molecules, water structure becomes ordered and the number of �-bonds is reduced. In the 

presence of polar molecules, the number of �-bonds also changes as the polar molecules 

compete with the water to interact with the tropocollagens. �ydrogen bonds mediated 

through water bridges within the tropocollagen structure may likewise be affected, resulting 

in a looser coiling of the triple helix and a concomitant increase in D-spacing. 

In all samples treated with urea and hydroxyproline the OI of the collagen fibrils decreased 

(Table 1). As stated above, the OI indicates the spread in fibril orientation and has previously 

been found to be correlated with material strength (Basil-Jones et al., 2011). By contrast,

lanolin increases the OI, showing that the addition of lanolin increases the alignment of the 

fibrils. These observations reflect the different nature of these two compounds, and a 

fundamental difference in their mode of activity. �rea exerts its influence through polar 

interactions, lanolin through hydrophobic interactions, both affecting water structure. �rea 

competes with water to make �-bonds with the peptide groups within the collagen structure, 

essentially affecting the hydration shell around the molecule, while lanolin orders the water 

around the molecule, also affecting the hydration shell. The effect within the fibril and 
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between fibrils is, however, different. �rea disrupts interactions between fibrils by breaking 

non-covalent bonds. It is likely that this will result in a decrease in the alignment of parts of 

or whole fibrils. Conversely, lanolin, because of its structure, can insert itself between fibres, 

trapping ordered water and allowing the fibres to slide over each other, to increase fibre 

alignment.

Conclusions

We conclude that the triple alpha helix structure of tropocollagen is modified by treatment 

with urea, hydroxyproline and lanolin, resulting in changes to the suppleness and strength of 

tanned skin (leather). �rea lengthens the D-spacing as predicted, while also significantly 

reducing the OI of the skin, which will impact on its robustness. While lanolin has the same 

effect on D-spacing, it has the opposite effect on the OI, significantly affecting the physical 

properties of the skin. �iven that lanolin is a ma�or component of most skin care 

formulations, understanding how it functions at a molecular level is important for the 

cosmetic industry. The D-spacing changes observed for added proline and hydroxyproline did

not agree with our predictions. �urther investigations of the mechanisms of modification of 

collagen in skin by urea, proline, hydroxyproline, lanolin, and by extension other organic 

compounds, may lead to a better understanding of existing skin formulations and 

development of new formulations. 
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Introduction 

The structure and strength of collagen fibre materials is of crucial importance in both the medical 

and textile industries. Collagen is the main structural component of skin (Fratzl, 2008); both in an 

unprocessed state and as leather following chemical and mechanical processing. Leather is a 

remarkable biomaterial that exhibits strength, flexibility and, durability. Leather is processed skin 

consisting mostly of collagen and it is produced on a large scale for shoes, clothing and upholstery, 

with high strength being a primary requirement for high-value applications. As such, the price of 

leather is based on its physical and aesthetic properties and these properties ultimately depend on 

the nanostructure of the collagen fibre network. Ovine leather is weaker than bovine leather, 

typically half the strength, making ovine leather a low-value product relative to bovine leather. If the 

strength of ovine leather could be increased, great value would be added to the New Zealand 

economy. 

A collagen fibril contains multiple levels of structure. Collagen molecules are formed by a sequence 

of amino acids combining in a left-handed  helix. The tropocollagen molecule is formed when three 

collagen molecules are twisted together to form a right handed triple helix, or tropocollagen. Direct 

and water-mediated hydrogen bonds help stabilize the structure. Tropocollagens combine in an 

organized, manner to form fibrils that are characterized by a banded structure and display Bragg 

diffraction peaks. The banding pattern results from the staggered arrangement of the tropocollagen 

molecules and is referred to as the D-spacing. The extensive, highly structured hydration shell around 

the collagen triple helices, along with water bridges and covalent cross-links between tropocollagens 

are observed to be critical elements maintaining the macromolecular assemblies in which collagen 

molecules are involved.  

In terms of microstructure, leather comprises two distinct layers: the ‘grain’ and the ‘corium’ that 

have significantly different structures. The D-spacing for stronger ovine and bovine leather has been 

shown to decrease at the interface between the corium and grain (Basil-Jones et al., 2012). While 

286



changes in D-spacing have not been shown to correlate with strength in leather (Basil-Jones et al., 

2011, Sizeland et al., 2013), D-spacing does vary with animal species (Sizeland et al., 2013), age 

(James et al., 1991, Scott et al., 1981), and chemical treatment (Scott et al., 1981, Ripamonti et al., 

1980). It is also possible to observe changes in the D-spacing when leather is subjected to mechanical 

stress (Basil-Jones et al., 2012). 

During the processing of skins and hides to leather, efforts are made to optimize the strength, 

flexibility and feel of leather. Adding penetrating oils, a process known as fat liquoring, is likely to 

improve both the flexibility and the texture of leather by lubricating the fibers to prevent adhesion 

between them (Bajza and Vreck, 2001). Little is known, however, about the effect of fat liquor on the 

molecular structure of the collagen fibrils. 

Here we report a study of the effect of fat liquor on the nanostructure of leather. Once this is 

understood, the ability to manipulate leather processing in order to achieve improved aesthetic 

properties and strength may be realized. 

 

Experimental 

Ovine pelts were obtained from 5-month-old, early season New Zealand Romney cross lambs. 

Conventional beamhouse and tanning processes using an oxazolidine pretan, a chromium tan and a 

mimosa retan were used to generate leather. The fat liquor used was Lipsol EHF (Schill + Seilacher). 

This product contains a mixture of lanolin, bisulfited fish oil and 2-methyl-2,4-pentanediol. Lanolin, or 

wool wax, consists primarily of wax esters and some hydrolysis and oxidation products of these 

esters. The fat liquor was added in a ratio of 0–10% by weight of wet leather prior to drying and 

mechanical softening. One further sample was prepared with just the principal component of the fat 

liquor, lanolin (Sigma), at a concentration of 8% by weight of wet leather. 

Samples for synchrotron-based small angle X-ray scattering (SAXS) analysis were prepared by 

cutting strips of leather 1 × 30 mm from the official sampling position (OSP) of the pelts. Diffraction 

patterns were recorded on the Australian Synchrotron SAXS/WAXS beamline with each sample 

mounted without tension in the X-ray beam to obtain scattering patterns from an edge-on direction. 

Measurements were made every 0.25 mm through the full thickness of the leather. Exposure time 

for diffraction patterns was 1 s, and data processing was carried out using the SAXS15ID software and 

the Irena software package running within Igor Pro. 

The D-spacing of collagen was determined for each spectrum from Bragg’s Law by taking the 

central position of several collagen peaks, dividing these by the peak order (usually from n = 5 to n 

=10) and averaging the resulting values. 
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Fibril diameters were calculated by fitting the data at the wave vector Q, in the range of 0.01 – 

0.04 Å-1 and at an azimuthal angle which was 90° to the long axis of most of the collagen fibrils. The 

“cylinderAR” shape model with an arbitrary aspect ratio of 30 was used for all fitting.  

The geometry of the hydrogen bonding in tropocollagen was determined using the software 

package Abalone (Agile Molecule) with the 9128 Da collagen-like peptide 1CAG from the protein 

databank. 

 

Results  

The SAXS patterns obtained for the different levels of fat liquor clearly show diffraction rings due 

to the axial periodicity of collagen (Figure 1a). Orientation of the collagen fibrils can be seen as the 

varying intensity of each of these rings around the azimuthal angle and the alignment at right angles 

to this of the central scattering region. From the integrated intensity of the whole scattering pattern 

(Figure 1b) the position of the diffraction peaks can be measured and from these the D-spacing is 

determined. 

         
Figure 1. Example of SAXS of leather: (a) raw SAXS pattern; (b) integrated intensity profile. 

 

The addition of fat liquor resulted in an increase in the D-spacing (standard deviation) from 60.2 (  

= 0.47) nm for samples with no fat liquor to 63.6 (  = 0.43) nm for samples with 10% fat liquor 

(Figure 2). This is an increase of 3.4 nm or 5.6%. Despite structural differences in the corium and 

grain layers, the addition of fat liquor produced similar changes in D-spacing. There was a strong 

correlation between D-spacing and the percentage of fat liquor added as shown in Figure 2, where a 

linear slope of 0.34 nm/% fat liquor could be fitted to the data with an r2 value of 0.93 (P = 0.0018 at 

an alpha of 0.05). 
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Figure 2. Collagen D-spacing versus fat liquor content for ovine leather: ( , — ——) corium, 

( ,  ) grain, and ( , ) average. Each point for the corium and grain is the average taken 

value from about 10 scattering patterns. Pure lanolin at 8% is shown in pink. 

 

The one sample prepared with 8% lanolin rather than fat liquor had a D-spacing of 63.1 (  = 0.39) 

nm, which falls on the regression line in Fig. 2. It is therefore possible that the change in D-spacing is 

could be caused by the lanolin content of the fat liquor.  

An average fibril diameter of 56.8 (n = 106,  = 1.3) nm was determined for the leather. There was no 

statistically significant change in fibril diameter with fat liquor addition.  

 

Discussion 

We found that the change in collagen D-spacing is proportional to the amount of fat liquor added, 

with a large change being observed when the greatest amount of fat liquor was added. The lanolin 

component of the fat liquor appears to be responsible for most or all of this change.  

The observed change in D-spacing reflects a change in the length of the collagen fibrils. One 

mechanism that could result in longer collagen fibrils is by changing the way the fibrils are 

assembled. If there is a greater gap region between the tropocollagen molecules but they remain the 

same length then the D-spacing will increase. A second mechanism by which collagen fibrils might 

lengthen could result from an extension of the tropocollagen unit. This may be the consequence of a 

tighter coiling of the triple helix or an extension of critical H-bonds within the helix. Although these 

possibilities cannot be resolved from the results reported here, we can consider the plausibility of 

these mechanisms and suggest experimental work that might select between them. 
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A change in the length of a fibril by increasing the gap region could result from a change in the 

interaction between tropocollagens. The triple helices are surrounded by a highly structured cylinder 

of hydration. Lanolin, a main component of the fat liquor used, is hydrophobic and it may serve to 

remove some of the hydration cylinder and therefore alter the bonding between tropocollagens. 

Atomic force microscopy could be used to compare the ratio of the gap and overlap regions among 

leathers with different levels of fat liquor.  

The second mechanism proposed suggests that the D-spacing increase is caused by an extension in 

the length of the tropocollagen molecule. This increased molecule length could be due to a change in 

length of the Hydrogen bonds either within the triple helix itself or between the tropocollagens that 

make up a fibril.  

Firstly we will consider the change in length of the direct Hydrogen bonds within a tropocollagen. 

Direct Hydrogen bonds between glycine and hydroxyproline and between glycine and proline are 

present in every tropocollagen between adjacent polypeptide chains at an angle of 74º to the 

tropocollagens longitudinal axis.  A lengthening of these bonds would result in an extension of the 

tropocollagen molecule and therefore an increase in the length of the collagen fibril and its axial 

periodicity. The observed increase in D-spacing of 5.6% (3.4 nm) would require a larger increase in 

the length of the Hydrogen bonds because the intra-tropocollagen bonds are not parallel to the long 

axis. Aligned at 74° from the long axis, a 20% increase in the bond length would be required to give 

the observed increase in D-spacing. With such a large increase in bond length required we would 

expect to see a significant increase in the fibril diameter. 

Secondly we will consider the change in length of water-mediated Hydrogen bonds within a 

tropocollagen. Lanolin’s hydrophobic nature may serve to exclude water. This would disrupt the 

water-mediated Hydrogen bonding between the collagen molecules in the triple helix. A shortening 

or disruption of these water mediated H-bonds would subsequently increase the twist of the 

tropocollagen helix which could in turn result in a longer (and perhaps thinner) tropocollagen and 

therefore a longer D-spacing in the fibril. 

However, if an increase in tropocollagen length occurred by either of these mechanisms, we would 

expect to see an increase in the fibril diameter in the case of H-bond lengthening, or perhaps a small 

decrease in fibril diameter in the case of increased twist. The diameter was not observed to change 

and therefore these mechanisms are not supported.  

 

 

 

290



Conclusion 

In summary, we have investigated the structural changes of collagen within leather upon addition 

of varying amounts of fat liquor. We have shown that as we increased the amount of fat liquor, the 

D-spacing of the collagen fibrils increased, and that this could be due to the lanolin component of the 

fat liquor. This shows that fat liquor does more than just lubricate the fibers in leather; it actually 

alters the structure of the collagen fibrils. Alternative mechanisms for this increase in D-spacing have 

been discussed, including an increase in the gap region or an increase in the length of the 

tropocollagen triple helix.  
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Introduction 

Most leather is produced from skins and hides by tanning with chromium salts. Leather is used in 
upholstery (car and home), shoes and clothing but at the end of the life of these goods, the leather 
needs to be disposed of in an environmentally benign manner. Leather manufacture and production 
of goods from leather also produces leather scrap which requires disposal. Annual global leather 
production is about 6.8 million tonnes [1], around 80% of which contains Cr. 

The main concern in the disposal of leather is the leaching from leather of Cr. Soluble Cr in a 
hexavalent oxidation state is considered to be undesirable in the environment [2, 3] and sites where 
Cr(VI) is present can require remediation [4]. 
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Current and proposed leather disposal methods include: extraction of Cr before disposal [5-7]; disposal 
to wetlands for vegetation to absorb the Cr [8]; production of other reconstituted structural materials 
to bind the Cr in new products [9, 10]; and heating leather in an oxidizing environment to create a 
residue with soluble Cr [11, 12]. Cr contained in or on particulates from the burning of coal and biomass 
(in the presence of oxygen) can produce Cr(VI) [13]. Therefore, it is possible that burning leather may 
also generate Cr(VI), which is undesirable. 

 

Figure 2: Breakdown of waste dumped in New Zealand landfills by the leather industry[29].  

We have proposed that the production of biochar, carbonized organic matter, from waste leather 
may be a better alternative to other disposal methods[14]. Biochar is produced by heating organic 
matter in an oxygen deficient environment. The application of leather biochar is a way of 
sequestering carbon, thereby reducing the amount of carbon that may have otherwise become 
atmospheric CO2. Biochar also has the demonstrated benefit of improving agricultural soil 
productivity[15]. Carbonized leather has previously been considered as a disposal option, with the 
suggestion of producing an activated carbon product for filtration applications [16-18]. 

Ideally, a leather biochar product could be produced that does not leach Cr. Exposing leather that has 
been “heat stablised” in a non-oxidising environment to leaching indicates that the material has a 
low solubility of Cr. Specifically, when leather was stablised at 350 °C or higher in a CO2 environment, 
no soluble Cr is detected over a wide pH range in contrast to untreated, chrome-tanned leather [16]. It 
is also important that the Cr is resistant to oxidation, since both Cr oxidation and reduction between 
the Cr(III) and Cr(VI) couple [19] can occur in soils, depending on the nature and condition of the soils, 
and other factors that control the redox environment. This led to interest in the analysis of soils for 
the type of Cr contamination present [20, 21]. 

The chemical nature of Cr in leather has been characterised: Cr sulfate is used during tanning, and Cr 
bonds to the leather’s collagen[22, 23] and is well dispersed. However, the form of Cr present in biochar 
is unknown, as are its stability and dispersion. In an earlier study of the leaching of leather after heat 
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treatment in a non-oxidising environment, the chemical state of the Cr was not determined, despite 
some interest in doing so[16]. 

The purpose of the work reported here is to investigate the speciation and structure of the Cr in 
biochar produced from chrome-tanned leather as a function of the heating conditions. We wish to 
confirm the earlier reports of decreased solubility of Cr from leather heated in a non-oxidising 
environment and determine that the samples we are studying for Cr speciation do in fact exhibit low 
Cr solubility. Developing and understanding of the nature of entrapment of Cr in leather biochar may 
enable us to predict the likely stability of the Cr in the char in the longer term. For the determination 
of the chemical speciation and structure of Cr, we use X-ray Absorption Spectroscopy (XAS) which is 
known to exhibit obvious spectral differences for different oxidation states and chemical 
environments. 

Experimental 

Standard, commercial chrome-tanned bovine leather was used for all experiments. The biochar was 
produced from leather by pyrolysis. Two pyrolysis reactors were used: a larger unit with no purge gas 
for the lower-temperature samples (up to 600 °C) and a smaller unit with the sample held under 
argon for higher-temperature samples (600–1000 °C). The temperatures were held for 1 hr before 
being cooled for analysis. Below is an overview of the experimental process carried out. 

 

 

 

 

 

 

 

 

 

 

 

After pyrolysis, the char was measured for Cr content and leachable chromium. The Cr content of the 
char and leather samples was measured using a standard industry test method[24]. The leachable Cr 
was measured with duplicate samples of char (5 g) leached in 100 mL of 1 M HCl while shaken for 15 
hours at room temperature. The Cr content of the aqueous HCl leachate was then assessed in 
duplicate with a Varian 220 SpectrAA using a standard industry test method[25]. 

Leathe

Pyrolysis 
-500°C 
-600°C 
-600°C 
-800°C 
-1000°C 

Cr leaching tests (1 
M HCl) on the 
biochar 

Cr chemistry 
analyzed using 
XAS 
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XANES and EXAFS spectroscopic techniques were used to determine the chemical speciation and 
structure of the Cr in the leather and biochar samples from X-ray adsorption spectra recorded on the 
XAS beam line at the Australian synchrotron. 

Results 

We found that a small amount of Cr can be leached from leather that has not been heat treated 
(Table 1), as has been reported previously[16]. After heating of the leather, the leachability of Cr 
diminishes. At 600 °C where the leather is clearly char no leaching of Cr could be detected (Table 1). 
In an earlier leaching study it was found that at 350 °C the Cr was found no longer able to be leached 
from the heated leather[16]. 

Table 1. Initial chromium content and leachable chromium of leather and of biochar samples 
produced under various heat treatments. No leachable Cr was detected in biochar samples formed at 
600 °C or above. 
Sample Initial % Cr 

(SD) 

Leachable Cr, as % of initial Cr 

Leather 0.99  (0.01) 2.45 

300 °C* 2.60 (0.02) 0.69 

600 °C* 7.39 (0.04) 0.0007 

600 °C† 11.8 (0.8) 0.08 

800 °C† 12.5 (0.1) 0.06 

1000 °C† 15.4 (0.1) 0.03 

*Larger reaction vessel. †Finely ground, from small reaction vessel. 

X-ray absorption near edge structure (XANES) is a spectroscopic technique carried out on the XAS 
beam line, that is element specific and is local bonding sensitive. XANES was carried out on both the 
chrome leather and biochar samples. The XANES spectrum of chrome leather is very similar to that of 
Cr2(SO4)3.xH2O. This is the salt that is used in chrome tanning, so clearly some structural aspects of 
this salt are retained in the tanned leather. The XANES spectrum of the biochar indicated significant 
differences with each 200°C increase. As the treatment temperature increases, the amount of 
carbide increases. The calculated proportions of carbide and Cr sulfate (represented as the dry 
leather spectrum) are listed in Table 2. 

Table 2. Chemical components of linear combination fitting to the XAS energy spectrum. Uncertainty 
in mol% Cr in Cr2(SO4)3.xH2O and Cr2C3 is around ± 5 %. 
 Cr2(SO4)3.xH2O (mol % 

Cr) 
Cr2C3 (mol % Cr) R factor (×10-4),  2  

Biochar 500°C* 93 7 1.7,  0.027 

Biochar 600°C* 77 23 3.4,  0.051 
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Biochar 600°C 59 41 5.6,  0.081 

Biochar 800°C 35 65 5.8,  0.081 

Biochar 1000°C 12 88 2.2,  0.031 

*Larger reaction vessel. 

Information about the structural environment of the Cr in the leather biochar is obtained from an 
analysis of the EXAFS range of the data acquired. The bond lengths obtained from the modelling of 
Fourier transform for EXAFS spectra of the biochar samples are given in table 3. The EXAFS analysis 
supports the XANES interpretation and confirms that Cr carbide is formed at higher temperatures. 

Table 4. Bond lengths obtained from the modelling of Fourier transform of EXAFS spectra of leather 
biochar. Six scattering paths were combined for Cr-C, 12 paths for Cr-Cr in total (in two groups). 

Sample Cr-C (Å), coordination 
number 

Cr-Cr (Å), 
coordination number 

Cr-Cr (Å), coordination 
number 

Biochar 800 °C 2.07, 3.6 2.58, 0.7 2.94, 3.0 

Biochar 1000 °C 2.05, 1.7 2.70, 4.3 2.92, 1.8 

 

Cr carbide is a very stable material, and is resistant to oxidation or reduction[26]. The charcoal or 
biochar matrix within which the Cr is contained is also known to be very stable in soils[27]. The 
addition of charcoal to soil enhances the agricultural productivity of the soil, for example in the 
traditional terra preta soils from South America[28] but also in more recent studies of soil 
productivity[15].  

While we have found that using acid to produce biochar leachate does not remove Cr from the 
biochar, we have not performed long-term stability tests of the material in soil environments. These 
would be desirable to ensure the safety of the material for use in agricultural settings. 

Conclusion 

We have shown that there may an environmental benefit in making biochar from chrome-tanned 
leather waste. The char does not release Cr with acid leaching, unlike untreated leather. We have 
also shown that the Cr becomes chemically reduced by a carbothermic reaction on charing, at high 
temperatures forming Cr carbide. Cr carbide is an inherently stable compound and its stability is 
further enhanced by being highly dispersed in a stable carbon medium. Biochar has the added 
benefits of enhancing agricultural production from soil and providing long-term sequestration of 
carbon from the environment. This strategy may turn a large-scale, potentially troublesome waste 
into an economic resource. 
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 Poster presented at the 
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Symposium conducted at the 63rd Annual LASRA Conference, Wellington, New 

Zealand, 28th-29th November, 2012 
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SAXS of Leather Reveals a Structural Basis for Strength 

Sizeland, K. H.,1 Basil-Jones,1 M. M., Edmonds,2 R. L., & Haverkamp, R. G.1 

 

Poster presented at the Australian Synchrotron Users Meeting, Melbourne, 

Australia, 28th-29th November, 2012 
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 SAXS Structural Studies of Collagen Materials 

Haverkamp, R. G.,1 Basil-Jones,1 M. M., Sizeland, K. H.,1 & Edmonds2 R. L.  

Poster presented at the Australian Synchrotron Users Meeting, Melbourne, 

Australia, 28th-29th November, 2012 
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Manganese in Shelf-Stable Probiotic Functional Foods: is it safe? 

Poddar, D., Ainscough, E. W., Freeman, G. H., Ellis, A., Glover, C. J., 

Johannessen, B., Sizeland, K. H., Singh, H., Haverkamp, R. G., & Jameson. G. B. 

Probiotics are live microorganisms which provide health benefits to the host upon 

consumption. The incorporation of these microorganisms into food products is a 

practical way of transferring this health benefit to the everyday consumer. Maintaining 

the viability of probiotics during processing, storage and gastrointestinal transit remains 

a challenge for researchers. These limitations can however be overcome by using 

suitable encapsulation strategies -- freeze drying, spray drying and fluidized bed drying 

-- used in this study. Probiotics of the genus lactobacillus have been found to 

accumulate manganese (Mn), which has been associated with superoxide dismutase 

(SOD) activity, thereby helping the bacteria to survive under conditions of low p�, high 

osmotic stress and temperature. The primary ob�ective of this study was to determine by 

X-ray absorption spectroscopy (XAS) the changes in Mn that occurred during storage 

of the encapsulated bacteria at 11%, 33% and 52% relative humidity (RH) at 25 C for a 

period of 3 months, simulating conditions representing the �� of food matrices.  

Secondly, it was also of interest to characterise the Mn bodies in the probiotic ��

�araca�ei��inally, we were interested in any shifts in the oxidation state of Mn between 

live and dead bacteria and also bacteria harvested during different stages of growth, as 

other spectroscopies suggested changes occurred. The XAS findings (both XA�ES and 

EXA�S measurements) suggest there is no difference in the Mn among the 

encapsulated bacteria stored at different ��. The manganese XAS spectrum revealed 

no Mn3� compounds formed during storage, which could initiate �enton-type reactions, 

forming radical species. Preliminary analysis of the absorption edge and XA�ES region 

indicates that the spectra are well modelled by an approximately �0�20 mixture of 

manganese(II) phosphate  and manganese(II) acetate, a possible proxy for 

manganese(II) interactions with Asp/�lu side chains of proteins. �urther to this, no 

change was observed in the manganese compounds present in live and dead bacteria. 

Bacterial accumulation of the manganese occurred between 6 to 12 hours of growth, 

supporting the results of previous studies. The increased accumulation of Mn during the 
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stationary phase could potentially be the reason why cells at this stage of growth can 

withstand harsher environmental conditions during storage, in comparison to other 

times during cell growth. In conclusion, the present study suggests that storage 

conditions and changes to bacterial viability of various probiotic encapsulates do not 

alter the oxidation state and speciation of Mn in a way that might be harmful for human 

consumption

Poster presented at the Australian Synchrotron Users Meeting, Melbourne, 

Australia, 28th-29th November, 2012 
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Collagen Alignment and Leather Strength 
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Synchrotron Studies of Leather Structure 

Haverkamp, R. G.,1 Basil-Jones, M. M.,1 Sizeland, K. H.,1 & Edmonds, R. L.2  

The arrangement of collagen fibrils in leather is complex. Synchrotron based small 

angle X-ray scattering enables detailed structural information to be obtained. The 

variation in fibril orientation through cross sections of leather, structural responses to 

dynamic loads, structural differences between strong and weak leather, and the 

structural changes during processing were all studied. �nder tension fibrils reorient at 

low strain then individual fibrils stretch at higher strain. In strong leather the load is 

taken up more uniformly across the thickness of leather compared with weak leather of 

the same species. During processing to leather changes are observed in both fibril 

orientation and individual fibril structure. This study provides an insight into the 

structural basis of strength in leather and the response of leather to stress. 

Symposium conducted at the International Union of Leather Technologists and 

Chemists Societies XXXII Congress, Istanbul, Turkey. 28th-31st June, 2013. 
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Collagen Fibril Axial Periodicity and the Effects of Polyol Addition 

Sizeland, K. H.,1 Norris, G. E.,2  Edmonds, R. L.,3 Kirby, N.,4 Hawley, A.,4 & 

Haverkamp, R. G.1 

 

Poster presented at the 12th International Conference on Frontiers of Polymers 
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The Fate of Chromium - Biochar from Leather 
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Collagen D-spacing Modification by Fat Liquor Addition 
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G.1 

Symposium presented at the 65th LASRA Conference, Wellington, New Zealand, 
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Forming Biochar from Leather Waste to Reduce Leaching of Chromium 
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Processing  
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