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Abstract

Type | collagen materials are used in a wide range of industrial applications. Some examples
include leather for shoes and upholstery, acellular dermal matrix (ADM) materials for surgical
applications, and bovine pericardium for the fabrication of heart valve replacements. The
structure of these materials is based on a matrix of collagen fibrils, largely responsible for the
physical properties and strength of the materials. How the collagen fibrils themselves

contribute to the overall bulk properties of these materials is not fully understood.

The first part of this work investigates a collagen structure defect in leather, known as
looseness. Looseness occurs in around 5-10% of bovine leather, and is a result of the
collagen fibril layers separating during processing from raw skin to leather. A greater
understanding of why looseness develops in leather and a method of detecting looseness
early in processing is needed to save tanners a significant amount on wasted processing
time and costs. In addition, an environmentally safe method of disposing of defect and waste
leather is sort after since the current method of disposing to landfill is causing environmental
concern due to the possibility of chromium leaching from leather into the soil as it

biodegrades.

Synchrotron based small angle X-ray scattering (SAXS) revealed that loose leather has a
more aligned and layered collagen fibril arrangement, meaning there is less fibril overlap,
particularly in the grain-corium boundary region. This results in larger gaps in the internal
structure of loose leather compared with tight. These gaps could be detected using
ultrasonic imaging in partially processed pickle and wet-blue hides as well as leather.
Incorporating an ultrasound system into the leather processing line could be a viable method
for identifying hides deemed to develop looseness earlier in processing, and these could be

diverted down a separate processing line or removed.

Disposing of waste leather by first forming biochar prior to land fill proved to be an effective
way of reducing chromium from leaching into the environment. XAS revealed that heating
leather to temperatures above 600°C in the absence of oxygen formed a char where
chromium was bound in the stable form of chromium carbide. The stability of this structure
makes chromium less available to form the toxic hexavalent form in the environment and

presents a possible alternative option for environmentally safe disposal of leather.

The second part to this work looks at the correlation between collagen fibril structure in a
range of biomaterials in relation to material strength. Leather, ADM and pericardium are

three type | collagen based materials which rely on sufficient strength to carry out their
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industrial and medical applications. These three materials were studied to try and identify

collagen fibril characteristics that relate to high material strength.

SAXS on a range of leather samples from various species revealed that collagen fibril
diameter had only a small influence over material strength in bovine leather, and no
correlation to strength in leather from other species. Therefore it can be said that the

influence of fibril orientation on leather strength takes precedence over that of fibril diameter.

Fibril diameter, d-spacing and orientation were studied in pericardium using SAXS while
simultaneously applying strain. It was revealed collagen materials undergo two distinct
stages of deformation when strain is applied and incrementally increased. The first stage, at
low strain, involves a re-orientation of fibrils to become more aligned. When strain is
increased further, the fibrils themselves take up the strain, causing fibrils to stretch and
decrease in diameter. The Poisson ratio of the collagen fibrils was calculated to be 2.1 £ 0.7.
This high Poisson's ratio indicates the fibrils decrease in diameter at a faster rate than they
elongate with strain, and as a result the volume of the fibrils decreases. This feature of
collagen could help explain some of the unique behaviours and strength of collagen based

materials and could be useful for optimizing industrial applications of collagen materials.

ADM materials, derived from human, porcine and bovine skin was the third collagen material
studied. SAXS revealed that each species of ADM material had a slightly different collagen
fibril arrangement when viewing the samples perpendicular to the surface. Human ADM was
highly isotropic in arrangement, porcine was largely anisotropic, and bovine was somewhere
in between the two. Bovine has a more layered fibril arrangement edge on and was the
strongest material, followed by human ADM, and porcine was significantly weaker. Bovine
was also the most porous material of the three. The discovery of the variations in strength,
porosity and fibril arrangement between the three types of ADM materials may help medical
professionals select the most suitable material for specific surgical procedures and could

lead to a greater number of successful surgeries taking place.
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Introduction

This thesis titled “Structure and Performance of Collagen Biomaterials” describes a study of
collagen structure, strength and deficiencies in strength in a range of collagen based
materials. The aim of the project has been to gain a better understanding of the underlying
structural properties of collagen, and the structural mechanisms that relate to strength in
dermal materials, including leather, acellular dermal matrix (ADM) materials for medical

applications, and heart pericardium.

Collagen is a long fibrous protein that is responsible for providing strength and stability in
various connective tissues in the body. Collagen is the most abundant protein in the animal
kingdom, making up approximately one third of the total protein content in the human body.
There are around 16 different types of collagen, with collagen types |, Il, and Il making up
80-90 % of the collagen in the body (3). Collagen type | is the main structural protein in skin,

tendon, ligaments and pericardium, and is the focus of this research.
This report has been divided into two sections.

e Section A discusses, in detail, research carried out to better understand a
collagen structure defect that occurs specifically in leather during processing,
called looseness.

o Section B looks at the nano-structural characteristics of collagen fibrils and
fibres within dermal materials and heart pericardium, and the correlation
between these characteristics and bulk material strength. A range of collagen
based materials were used during these studies including leather, acellular

dermal matrix (ADM) materials and pericardium.
The research questions for this project were;

1) What is the structural motif that describes looseness?

2) How do we detect looseness in leather?

3) Can we look at the structural basis of looseness using X-rays?

4) Is there a structural characteristic of skin that can be identified, that leads to
looseness in finished leather?

5) When we know the structural characteristic of skin that leads to loose leather, can
we modify the processing procedure to incorporate a system to more easily

identify loose hide/leather?
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6) Is there a method of safely disposing of leathers deemed too loose for use, and
other unwanted leather materials that have been chrome tanned, that ensures
little or no Cr** leaching into the environment?

7) How does the collagen fibril size relate to strength?

8) How do collagen fibrils behave when strain is applied to a bulk material?

9) How do the collagen structures within ADM materials differ and compare in

bovine, porcine and human ADM?

Research questions 1- 6 are covered in section A of the report. Looseness in leather is an
important topic for leather industries here in New Zealand and around the world. Leather is
desirable material for many applications since it is a biomaterial that is flexible, durable, tear
resistant, partially water resistant and breathable. These characteristics make leather a
useful material for the production of footwear, upholstery, and clothing. Leather can be
produced from a range of animal skins, however bovine hide is the most commonly used raw
material (4). Leather is a major by-product of the meat industry making it economically
significant around the world, with an estimated global annual trade value of US$100 billion
(5). The visual appearance of leather is important, and has a major influence on the selling
price and usability of leather, with many applications requiring top quality material. Any
defects or imperfections on finished leather, such as looseness, will result in a significant
reduction in value. Looseness is a structural defect that occurs when the collagen fibre layers
within finished leather separate causing the leather to appear wrinkled, which is aesthetically
undesirable. Looseness largely affects bovine and deer leathers, with around 5-10% of
finished bovine hides produced in tanneries being deemed loose (6). These hides then
become second grade or waste materials and are worth a fraction of the price of first grade
leather. Until now, the structural mechanisms and features relating to looseness have not

been well understood.

Section B covers research questions 7 — 9, and investigates the nanostructure and
behaviour of collagen within dermal materials, including bovine pericardium and ADM
materials. Leather, pericardium and ADM material all share similar collagen structures, and
therefore have comparable characteristics and behaviours. Strength is an important property
for the applications of each of these materials; leather requires strength for durability to be
able to withstand continual ‘wear and tear’ when made into clothing garments, shoes and
upholstery, and failures can be costly to distributors. ADM materials used for surgical
applications and pericardium used for heart valve replacement require strength to be able to
endure the pressures inside the body when manipulated into place during surgical
procedures, and failures can be fatal. The way in which collagen contributes to a material’s

strength and properties was not well understood until now. Various analytical techniques
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have been used to characterise the structures of collagen within dermal materials, including
synchrotron base small angle X-ray scattering, scanning and transmission electron
microscopy and ultrasonic imaging. Collagen properties such as fibril diameter, orientation
and the size of d-spacing regions were measured, and physical structures of materials have
been compared using imaging techniques. The collagen structures were investigated while
under strain and tear tests were performed to relate structural characteristics to material

strength.
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Literature Review

Collagen — General Overview

Skin, skin based materials, such as leather and ADM, and heart pericardium are all mostly
composed of type | collagen. Type | Collagen is a fibrous structural protein that is
responsible for maintaining structure and providing mechanical stability in tissues (7). When
animal hide or skin is processed into leather or ADM material, the collagen matrix is
maintained structurally, however is exposed to a number of chemical and physical processes
that slightly alter the structure. The distinct hierarchical structure of type | collagen, from the

molecular structure up to fibril bundle, is described below.

1) Molecular Structure

Collagen has a distinct molecular structure, consisting of a long chain of a repeating (Gly-X-
Y). amino acids sequence, where ‘Gly’ refers to the amino acid Glycine and X and Y can be
any other amino acid. A high proportion of the amino acids in the X and Y positions are the
imino acids proline and hydroxyproline. Hydroxyproline is an imino acid formed from
enzymatic action during protein synthesis, where proline is hydrolysed to form
hydroxyproline. The three amino acids glycine, proline and hydroxyproline make up over half
of the total amino acid content in tropocollagen (8). The number of repeats in a collagen
polypeptide chain usually ranges from 100-400 units, which forms a long left-handed helical

chain structure (9).

2) Tropocollagen (Collagen Molecule)

A collagen molecule, or tropocollagen, consists of three left-handed helical polypeptide a-
chains arranged in a right-handed super helix. Collagen type | contains two identical a-chains
and a third a-chain which has a unique amino acid sequence to the others. The molecule is
approximately 280 nm long and 1.5 nm wide and has a molecular weight of 300,000 Daltons
(10). This arrangement is known as the coiled-coil configuration. Non-helical polypeptide

sequences exist at both ends of the molecule, called the carboxyl (C) and amino (N) terminal
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ends. These end sequences are approximately 15 to 25 amino acids long (11). Hydrogen
bonds between hydroxylated residues in polypeptide chains stabilise the 3D structure of
tropocollagen. Three polypeptide chains spontaneously take the shape of a right-handed
triple helix due to initial disulphide bonding between the N- and C- terminal ends of the
polypeptide chains. The configuration is further stabilised through cross-links between
glycine’s in each Gly-X-Y ftriplet and the adjacent polypeptide chains in the helical
structure(12). When proline is not in the X’ position of the Gly-X-Y ftriplets, an additional
hydrogen bond is able to exist, mediated by a water molecule, between the X position
residue and the Glycine on an adjacent chain. The residual groups of the amino acids in
sequence point outwards from the centre of the helix to reduce any sterical hindrance within

the molecule, giving further stability (13).

3) Collagen Microfibril and Fibril Structure

To form a collagen microfibril, five tropocollagen molecules arrange side by side in a quarter
staggered array. Microfibrils arrange themselves into larger structures to form fibrils. The
axes of each of the collagen molecules run parallel to the direction of the fibril direction. The
staggering of molecules within fibrils results in gap and overlap regions of adjacent
molecules. These overlapping and gap regions within the fibril result in regions of high and
low density which when fired with X-rays, form a characteristic banding pattern in X-ray
diffraction patterns (8). This collagen banding pattern has an axial spacing of approximately
D = 67nm by x-ray diffraction or 234 amino acid residues by sequence analysis, and is
referred to as the d-spacing. Another important feature of collagen fibrils is the enzymatic
covalent cross-links between the molecules and help to hold the structure together. This
crosslink formation is initiated by the enzyme lysyl oxidase which acts on lysine groups in the
molecules. This forms allysine, which can then react with another lysine group in the helical
region of a neighbouring molecule to form a divalent intermolecular bond. It is through the

formation of these covalent bonds that the collagen fibril is stabilised(14).

4) Collagen Fibre Structure

In collagen based biological tissues such as skin, leather and pericardium, multiple collagen
fibrils bundle together in various bundle-sizes to form collagen fibres. Collagen fibres can

range in diameter from 30-300nm and lengths up to the millimetre range, depending on the
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number of fibrils present (11). These bundles of fibrils, called fibres, are formed and held in
place through the existence crosslinks. These can be either physical lysine-based crosslinks
or proteoglycan crosslinks composing of glucosaminoglycans (GAGs) (12). In nature, the
cross-links between fibrils are provided by proteoglycan bridges. These proteoglycan bridges
are mostly made of decoran, a proteoglycan that contains either the glucosaminoglycan
dermatan sulphate or chrondroitin sulphate. (12, 15) These crosslinking bridges can
influence the mechanical properties of the structure, although the extent of their role is
debated. Some believe the role of collagen cross-links in the mechanical behaviour of
collagen fibrils and fibril bundles is insignificant, while other studies believe they have a
significant influence. Among those that believe cross-link play a major role, there are further
debates in how these cross links function. There have been suggestions that GAGs allow for
shear forces to be transferred via their connections between fibrils, forcing fibrils to stretch

when force is applied, rather than slide(16-18).

Synthetic crosslinks can also be introduced to a biomaterial to alter the mechanical
properties of collagen structures. The cross-linking of collagen can alter the arrangement of
the fibrils within collagen fibres, which can ultimately influence the behaviour and strength of
the collagen material(19). A commonly used cross-linking agent is gluteraldehyde which is
capable of not only forming cross-links between fibrils (forming fibril bundles or fibres), but
also can form crosslinks within the fibrils themselves(20, 21). Synthetic cross-linking of
collagen can be used as a technique to alter the mechanical properties of biomaterials, such
as pericardium for heart valves replacements, and skin/hide in the production of leather

and/or surgical scaffolds (22).

A schematic view of the hierarchical features of collagen is shown below (figure 1).
Approximate lengths of each hierarchy is given, ranging from the amino acid sequence level

to the collagen fibre level (23).
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FIGURE1. SCHEMATIC IMAGE OF SOME OF THE HIERARCHICAL FEATURES OF COLLAGEN,
RANGING FROM THE AMINO ACID SEQUENCE LEVEL AT THE NANOSCALE UP TO THE SCALE OF
COLLAGEN FIBERS WITH LENGTHS ON THE ORDER OF 10. IMAGE SOURCED FROM MARKUS J.

BUEHLER PNAS 2006,103: 12285-12290.
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An Introduction to Leather

Leather is produced from raw animal hides and skins through multiple chemical and physical
processes. A fundamental property of leather that is achieved through processing is the
resistance to bacterial degradation. Another important property of leather is that when leather
dries the material remains soft, flexible and strong, whereas skin or hide is known to dry hard
and brittle.

During the preparation stages of leather processing, the epidermis and subcutaneous tissue
layers of the hides are both removed, leaving only the fibrous dermis layer. The dermis
consists of a network of fibres that is primarily made up of collagen, elastin and crosslinks
including glycosaminoglycans, proteoglycans and glycoproteins (24). The dermis layer of
leather can be further separated into two distinct layers which show differing structures and
properties. These two layers are the grain corium layers, which are separated by the grain-
corium junction (25). The grain layer is the outer-most layer, under the epidermis, and
contains the hyaline layer consisting of hair pores, giving a patterned effect on the leather
surface. The collagen fibres in the grain layer are smaller fibres that are densely packed. The
corium is the second and bottom layer within the dermis, and consists of a network of larger
collagen fibre bundles and makes up the bulk of the derma (26). The corium has coarser
structure than the grain layer and provides the bulk of the strength to skin and leather. The
corium layer of skin also contains blood vessels, adipose cells and sweat glands present
which are removed during leather processing (27). Also during processing, most of the
crosslinking agents and proteins in skin other than collagen and elastin are removed from the

dermis.

The final quality and appearance of leather will be influenced by the condition of the animal
the raw hide was sourced from. For instance, how and why the animal was reared, how it
was slaughtered, its age, breed, sex and environment will influence the quality and
characteristics of hide and therefore leather. Leather quality is also affected by the presence
of any defects, which can occur prior or during processing. Hide defects can be caused by
parasites, diseases, malnutrition, brand marks and scratches to the animal, which go on to
devalue leather (28). Once the animal is dead, poor stripping of the skin, handling of the
hides and storage will also influence the final leather quality. Good animal management and
hide preservation is vital for the leather industry, since without good quality hides, good

quality leather cannot be produced.

Once hides reach a leather tannery, numerous processing factors and stages can influence

quality and characteristics of the leather produced. One of the most important processing
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stages during leather production is the tanning process. The purpose of leather tanning is to
retain the hide’s desirable natural properties while stabilising the structure and protecting the
hide from putrefaction after the animal dies (29). When skin or hide is alive, the collagen
fibres are able to move and flex in relation to one another, however when the animals dies
and metabolic processes are stopped, the collagen fibres have a tendency to stick together
and shrink, causing the hide to become stiff and hard. The additives used during tanning aim
to lubricate the fibres and permanently fix the fibres apart from one another through chemical
treatment. To ensure properly preserved and quality leather, correct tanning is vital. There
are a variety of tanning agents and additives that can be used and each result in slightly
different properties of leather. Chrome tanning agents are the most common tanning agents
used, however vegetable tanning is also carried out using plant polyphenols. Other synthetic,
oil and aldehyde and organic tanning agents exist although are not as commonly used(30).
The variability in available tanning agents allows tanners to manipulate the processing
stages to give a specific final appearance or property to suit the intended end application of
the leather (29).

A full leather production protocol has been followed and discussed below, this is the protocol
outlined in the World Leather Journal (27). It is important to note that protocol followed for
leather production is unique to every tannery in accordance to specific customer
requirements, raw material availability, as well as environmental and plant limitations.
Tanning processes are therefore forever evolving with changes in customer demands,

legislations, environmental demands and new emerging technologies/research findings.

Leather Preparation Process

Step 1: Soaking

The animal hides are soaked in water with the aim of rehydrating the skin to its original
condition after being preserved during storage/transportation. This removes salt, dirt, blood
and other residues. Water is also important for proper penetration of chemicals and is

therefore necessary for the processes to follow (31).

Step 2: Un-hairing and Liming Processes

This can be carried out using alkali solutions such as sodium sulphide and hydrosulphide

under conditions which allows for the hair to be dissolved without affecting skin structure.
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The alkali solution breaks down the structure of the hair at its weakest point, the root, which
removes the hair from the skin. It is also possible to add lime to the float at the same time to
carry out liming simultaneously, however if the hair is of value then the hair removal and
liming processes are carried out separately. Liming helps to remove the epidermis skin layer,
swells the skin and modifies the collagen structure to a more open structure for later
chemical treatments. Liming also helps to break down complex sugars, and non-structured

proteins within the collagen structure (27).

Step 3: Fleshing

The fleshing machine is used to cut away any residual tissue from the corium. In doing this,
the fleshing operation also helps to squeeze out any debris and grease within the grain layer

and helps to relax the hide.

Step 4: Splitting

The purpose of this step is to even-out any variations in the thickness of hides by feeding the
hide against a moving band knife. Through splitting, a thinner hide is achieved, which allows

for better chemical penetration in later processing and gives a more relaxed grain structure.

Step 5: Deliming and Bating

Deliming de-swells the hides, using ammonium sulphate or carbon dioxide gas. A change in
pH is seen as a result, to a more acidic state. Bating is an enzymes digestion process that

involves using specialised enzymes to help soften and relax the hide.

Step 6: Degreasing

This stage involves removing as much of the grease from the hide as possible. In order to
achieve this, hides can be drummed with paraffin oil and detergents to soften and remove

the grease. The hides are now prepared for the tanning process.

Step 7: Pickling
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To bring the hides to a moderately acidic state (required for tanning), sulphuric and formic
acid can be added into a drum along with the hide. This ensures a more controlled tanning
process. Adding acids can however cause the hides to swell and therefore to counteract this

common salt is added as well.

Step 8: Tanning

Tanning is the main stabilising process of leather production. The tanning agent used is often
either a chrome or vegetable tanning agent(31); however other tanning materials can be
used depending on the final desired characteristics of the leather. Tanning stabilizes the raw
hide to prevent the material from decomposing. After tanning, the hide will dry to a soft and
flexible material, rather than a dry hard material. Chrome tanning agents, such as trivalent
chromium sulphate, are the most commonly used agents and result in a pale blue tanned

leather, known as ‘wet-blue.” Chromium sulphate is produced from the following reaction:
Nazcr207 + 3802 + HzSO4 d Nast4 + H20 + Crz(SO4)3

Chromium is a useful element in the tanning process because the complexes that are formed
are of intermediate stability allowing for the exchange of ligands, and chromium is capable of
forming polynuclear complexes that involve Cr-O-Cr bridges through oxolation. This process
is not easily reversed. The occurrence of many of these polynuclear complexes bridges the

gaps between collagen chains, results in the tanning action.

The length of time of the tanning process can also be altered according to the desired
product. Generally speaking, the chrome tanning process is around 2 — 3 hours for thin

skins, and can be up to 24 hours for thicker skins(32).

Step 9: Sammying, blue splitting and shaving

Surplus water from tanning is squeezed from the tanned hides via the sammying process,
usually involving passing the hide through two rollers. Grading of the leather takes place
according to potential thickness and quality. The hides are then split in their wet-blue state to
reduce variation in thickness. Thickness is then again reduced through the process of
shaving where spiral knives are used to shave the leather to a very precise and accurate
thickness (27).

The tanned hides or leathers are now ready for dyeing, re-tanning and/or softening stages of

the process.
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Step 10: Neutralisation

In preparation for dyeing, re-tanning and softening, the pH of the leather is increased through
the addition of mild alkalis. This allows chemicals and agents to penetrate the skins more

effectively.

Step 11: Dyeing

The most common dyes to use to treat leathers are anionic dyes, however many different
types of dyes exist, in many colours. In order to achieve the desired colour, several
additions of dye can be added to increase colour intensity. Prior to the addition of dye,

fixatives can be added to lock-in the colour.

Step 12: Re-tanning

Re-tanning can be carried out on skins to further soften and plump the material. The agents
used are usually very specific and have a significant effect on the final leather properties.
The structure of the leather is modified during re-tanning and any empty regions between the

grain and corium can be filled (31).

Step 13: Leather Softening

Leather softening is a step added into the process to further prevent the leather fibres from
sticking together when the leather is dried. A number of products are used for this purpose,
including fat liquor, soluble acrylic polymers and modified acrylic polymers. Fat liquor is an oil
based product that penetrates the leather and attaches to the fibre structure to act as a fibre
lubricant, producing a softer material. A negative impact of fat liquoring is that the leather can
become more prone to course breaking. Soluble acrylic polymers can be used for polymeric
softening of the leather. These polymers can combine with collagen in leather to improve
physical properties and provide heat resistance. Modified acrylic polymers can be used to

develop waterproofing in the leather and provide further softening (27).

Step 14: Preparation for drying — samm/setting
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After leather softening, leathers are removed from the processing vessel and are prepared
for drying. This involves removing excess water through either sammying or centrifuge
systems. The skins then go through an operation known as setting. Setting involves
stretching the skins using a blunt angled blade on a rotating cylinder to remove any wrinkles

or creases.

Step 15: Drying

There are a number of methods of drying that can be carried out on the leathers, the
technique selected is usually based on what final properties are wanted in that particular
leather. Drying methods include hand drying, toggle drying, vacuum drying and paste drying.
Removing water from leathers helps to stabilise and fix the chemical properties and
structures within the leather and it is at this stage the final properties of the leather are
determined (31).

Step 16: Conditioning and Staking

Conditioning helps to relax the structure of the leather after drying and involves lightly
dampening the leather and leaving them in piles to reach equilibrium. Staking involves
stretching and flexing the leather after conditioning to loosen any sticking fibres, giving softer
leather. The leathers are usually slowly dried slightly after this step to reduce moisture
content to around 16%. The leathers are now ready to undergo the steps involved in leather

finishing.

Step 17: Finishing

Leathers are buffed against a rotating emery board to produce an even smoother finish. An
acrylic resin is applied to the buffed grain layer to fill the junction between the grain and
corium. Then, a surface coating can be applied to ensure even texture and colour and
improve the leathers wear, or embossing can be done to obtain a three dimensional print on
the leathers surface (32). This can be followed with the application of a water resistant finish

to the leather. The leathers are now ready for final inspection and dispatch.
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Environmental and processing conditions, such as temperature and pH, as well as
processing time are all important for each step. For this reason, the entire process is closely
monitored. For leather tanning to be complete, specific conditions must be met and the
leather must be correctly prepared in the preparatory stages for the agents to fully penetrate
the hide. For example, the pH during the liming stages of hide processing needs to be
maintained slightly alkali for a period of time in order to ensure the structure becomes
“opened-up” enough to allow for dyes and agents to fully penetrate the leather. If not, the
proteins within the hides may not be fully stabilized and the leather could spoil over time. It is
important that the hide is evenly exposed to agents and additives and therefore hides are
often processed in drums. Processes such as the stretching and drying can also degrade
leather quality of not carried out correctly (27). All processing stages play an important role in
producing a desired material. Because of the large number of processing stages, and
specific conditions required for each stage, the chance of defects occurring during
processing (as well as prior to) is quite high. One of the most common defects to occur
during processing is looseness in leather. Looseness occurs when the layers within leather
begin to separate which results in a wrinkling effect on the leather surface which cannot be
detected until late in processing. It is unknown at what stage (or stages) looseness is
caused. Gaining a better understanding of looseness and developing a method of detecting
looseness easily earlier in processing could help to improve leather quality and reduce
defects, thereby increasing revenues for the leather industry; this project looks more closely

at looseness to achieve this.

Looseness in leather

Looseness occurs mostly in bovine and deer leather and is when the layers within the leather
structure (corium and grain) separate. This causes the appearance of wrinkles on the
surface of leather when it is bent or folded inwards with the grain surface up, (figure 2) and

significantly lowers the leather quality and value.
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FIGURE 2: PHOTOS COMPARING THE SURFACE APPEARANCE OF TIGHT (LEFT) AND LOOSE
(RIGHT) LEATHER WHEN BEING FOLDED INWARDS SLIGHTLY WITH THE GRAIN SIDE UP. THE
SCALE BAR IS 2 CM.

Looseness has been linked to a reduction in toughness of leather and cannot be identified in
leather until the end stages of processing. It is estimated that around 5-10% of total bovine
leather is deemed loose currently(6). This means tanners are spending a significant amount
of money on tanning and treating hides that end up as second grade and lower priced

materials (33).

As well as a visible gap between the corium and grain layers within the leather, microscopic
investigations have shown some differences in the fibrous structure in the grain layer of
loose leather. In tight leather, the grain consists of tightly packed small fibre bundles,
whereas in loose leather, the fibres are arranged in a more “sheet-like” structure with larger
bundles (33). Looseness is thought it appear sometime during processing and one pre-
existing theory was that looseness occurred upon the removal of non-collagen proteins,
proteoglycans and other components of the hide structure during processing. The removal of
these components could create holes or voids within the thickness of leather, particularly at
the corium-grain junction. Processing factors such as fat liquor penetration, bacterial
degradation in the raw stock, mechanical stressing, drying and moisture content have been
believed to contribute to looseness in leather. However, the exact process or reason for
looseness occurring is not understood by tanners. Once leather becomes ‘loose’ or the
layers of the leather begin to separate, further processing could result in even further
enlarging of these voids or gaps, resulting in severely loose leather (34). Looseness is first
evident in hides after the chrome tanning stage where the collagen structure is fixed using
chemical additives. After this stage, the tanning process cannot be reversed and if any
looseness is present, the hides value will be significantly decreased (35). This thesis

discusses a more in depth look into the structural properties of loose leather to determine a
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more accurate explanation of the cause looseness. Multiple research techniques have been
used to investigate looseness including small angle X-ray scattering (SAXS), scanning and
transmission electron microscopy (SEM and TEM), ultrasonic imaging and tear and tensile

testing. These techniques are also discussed in more detail further on.
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An Introduction to Acellular Dermal Matrix Materials

Acellular dermal matrix (ADM) materials are used as biological scaffolds for a variety of
reconstructive surgical applications including breast reconstructions(36), abdominal wall
reconstructions(37), hernia repair(38) and skin burn repair(39). ADM is a collagen matrix
produced through decellularization of dermal tissues. Bovine, porcine and human dermal
tissues are commonly used tissues of origin. The aim of the decellularization process is to
effectively remove all cellular and nuclear material from the dermis, while preserving as
much of the native collagen ultrastructure and composition of the matrix as possible.
Preserving the dermal structure will minimise the chance of inflammatory response or
immune-mediated rejection of the tissue when it is implanted into the patient(40).
Decellularization methods used vary depending on the species of origin, tissue thickness and
density, and the intended use of the scaffold; however the most effective protocols are those
that include a combination of physical, chemical and enzymatic treatments(41). It should be
understood that any process intended to remove cells will alter the three-dimensional
architecture of the dermis matrix to some degree, therefore minimising disruption rather than

avoiding disruption is the aim when carrying out decellularization.

Prior to the decellularization process, skins are thoroughly cleaned, de-haired using sodium
sulphide, and the subcutaneous fat layers are cut off(42). An example of a decellularization
protocol is discussed in more detail below. This is just one method of many possible
variations to decellularize extracellular matrix materials. This particular method has been

shown to be effective for thicker laminates such as dermis(41).

ADM Production Process

Step 1: Freezing

Freeze-thawing will effectively lysis cells within tissue due to intracellular ice crystals forming
and disrupting cell membranes(40). The contents of the cells will remain within the tissue
however, unless removed by subsequent processing. Multistage freeze-thaw processing can
be carried out without significantly increasing the loss or damage to the matrix proteins, as

long as the rate of freezing is controlled(41).
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Step 2: Enzymes

Enzymes such as nucleases, trypsin, collagenase, lipase, dispase, thermolysin, and a-
galactosidase can be used as methods of tissue decellularization. Trypsin is the most
commonly used enzymatic agent for decellularization of dermal tissues, and is a highly
specific agent capable of cleaving peptide bonds(41l). Trypsin can disrupt tissue
ultrastructure for effective decellularization, and in doing so also improves the penetration of
other decellularization agents used subsequently. For this reason, treatment with trypsin is
often included as an initial step in tissue decellularization, particularly for dense tissues such
as dermis(43). However, the use of trypsin for decellularization can have an adverse effect
upon the extracellular matrix (ECM). Proteins such as collagen and elastin have limited
resistance to trypsin, and therefore prolonged exposure can damaged the collagen matrix.
The overexposure of trypsin can result in changes in mechanical properties of the ECM and
significantly reduce the tensile strength of the tissue, by up to 50%(40). For this reason, the
duration of exposure to trypsin should be limited and controlled. Complete cell removal using
trypsin is unlikely, and any enzyme residue within the matrix after treatment can effect
recellularization later on or trigger an immune response. Therefore subsequent processing is

often required(41).

Step 3: Addition of alcohol

Alcohols help to remove lipids from tissue, and have shown to be more effective at doing so
than lipase(44). Methanol with chloroform has been used for delipidation of porcine skin to
successfully produce acellular matrix materials(45) as well as other tissues(41). Alcohols
need to be used with caution when treating tissues however, since they are capable of

precipitating proteins and damaging the collagen matrix(41).

Step 4: Adding acid or base

Modifying pH to either extreme (alkali or acidic) in tissues solubilizes the cytoplasmic
components of cells, disrupting and removing nucleic acids(40). Peracetic acid is one acid
that is commonly used in decellularization protocols to remove DNA and RNA, and also acts
as disinfectant for the tissue. Peracetic acid has a minimal effect on the composition and
structure of the ECM when used correctly. Other acids such as acetic acid can be used but
are not as common due to their tendency to damage and remove collagen from the ECM

structure(41). Bases such as sodium sulphide and sodium hydroxide are used to remove hair
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from skins and hides in both ADM and leather production. Bases are also able to aid in the
removal of nucleic acids from tissues however can disrupt collagen crosslinks and cleave
collagen fibrils, resulting in a change in the mechanical properties of the ECM which is not
desired. For this reason enzymatic agents may be favoured over bases for the removal of

nucleic acids in decellularization(41).

Step 5: Applying Detergent

Detergents remove cell components by solubilizing cell membranes and dissociating DNA
from proteins in tissues. The effectiveness of detergents in the decellularization of tissues is
dependent on exposure time, tissue type, thickness, and age; and over exposure to
detergents can result in an adverse effect on the ECM due to protein disruption and
dissociation(41). The two most commonly used detergents are Triton X-100 and sodium
dodecyl sulphate (SDS). Triton X-100 is a non-ionic detergent, whereas SDS is ionic. SDS is
more effective at removing cellular components from dense tissues than Triton X-100, and
compared to other detergents, is able to achieve a more complete removal of nuclei and
cytoplasmic proteins(43). However the drawback of using SDS in the decellularization
protocol is that it is disruptive to the ECM by decreasing the GAG concentration in the tissue,

resulting in a loss of collagen integrity(40).

The decellularization protocol described above is just one example of a method used to
decellularize dermis tissue to produce ADM surgical scaffold material, as described by Crapo
et al. (2011). Subsequent treatment is usually required to remove any residual chemicals or
agents from the tissue after decellularization. These remaining chemicals may be toxic to
host cells, invoking an adverse immune response when implanted in vivo. Assays are used
after decellularization to firstly quantitatively analyse the extent of decellularization achieved,
and to quantify the level of residual chemicals and enzymes remaining in the material after
decellularization(40). Decellularization level has not be quantitatively defined by metrics,

however Crapo et al. (2011) defines the minimum criteria to be:

1) <50 ng dsDNA per mg ECM dry weight

2) <200 bp DNA fragment length

3) No visible nuclear material in the tissue when it is stained with 4’,6-diamidino-2-
phenylindole (DAPI) or H&E
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The tissue type, age and decellularization protocol used all influence the mechanical
properties and ultrastructure features of ADM materials. The desired characteristics of the
material depend on the intended use, but have in depth knowledge of ADM materials and
properties will be beneficial in the field of tissue engineering and regenerative medicine. This
thesis discusses more in depth, the structural and strength differences of three ADM
materials; Strattice Firm porcine ADM (LifeCell Corporation, US), Alloderm human ADM
(LifeCell Corporation, US) and SurgiMend bovine ADM (TEI Biosciences, US).
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An Introduction to Pericardium and Heart Valves

Heart valve disease is a growing health problem around the world due to an increase in
degenerative heart disease along with an aging population. It is estimated that over 800,000
heart valve replacement procedures will be required annually by 2050(46).Tissue-based
heart valves were developed in the late 1960’s, beginning with human tissue and developing
to use animal tissue(47). Bioprosthetic tissue heart valves offer an alternative option to
mechanical valves, with different advantages and side effects existing for each. Mechanical
heart valves are made up of entirely synthetic materials such as polymers or carbon,
whereas the bioprosthetic valves consist of biological tissues mounted onto a stent. The
development of biological tissue heart valves has provided patients with more options, and in
recent years, there has been more of an inclination towards using these bioprosthetic valves

due to the significant improvements and new technologies in the area(46).

The biological tissue used to fabricate the heart valve bioprosthesis is a collagen based
biomaterial, with the most common tissues used being porcine aortic valve, bovine
pericardium, dura mater, fascia lata and autologous pericardium(48). The tissue studied as
part of the characterisation of collagen based materials in this project was the bovine
pericardium. This tissue is of interest due to its desirable characteristics and availability for

the production of replacement heart valves.

Bovine pericardium is an inelastic protective sac that surrounds the heart of a cow. lIts
purpose is to protect the heart from infection or inflammation from surrounding structures in
the body, to hold the heart in place, and to lubricate the heart to allow for sufficient
movement upon contraction. It is made up of two layers; an outer pericardium that attaches
and secures the heart to the diaphragm and blood vessel, and an inner serous pericardium
which is more delicate. The inner serous pericardium is a double membrane itself, consisting
of an outer parietal layer and an inner visceral layer. The two layers of the serous
pericardium are separated by the pericardial cavity containing serous fluid, which works as

the lubricant to allow to heart to move when beating(49).

The outer pericardium is a fibrous and tough tissue, comprised of mostly collagen fibres
woven together in a matrix much like skin. It is this pericardium tissue that is useful for

fabricating bioprosthetic valves.
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Producing Heart Valves from Bovine Pericardium

Pericardium tissue is harvested from neonatal or adult bovine and is usually processed
within 24 hours after the animal dies. The pericardium is cleaned and the surrounding
adipose tissue is removed. If required, the pericardium can be cryopreserved until the
following stages are carried out. Cryopreservation involves rapidly freezing the tissue in

liquid nitrogen(50).

Step 1: Fixation in Gluteraldehyde

The bovine pericardium undergoes treatment with gluteraldehyde to reduce calcification.
Calcification is a significant issue in bioprosthetic heart valves and is thought be the main
mechanism for valve degeneration. The occurrence of calcification after surgery will
significantly affect the durability of pericardial heart valves, and patients may require further
replacement procedures after only a few years(51). Schoen et al demonstrated that
gluteraldehyde treated tissues implanted into a rat model will calcify according to the amount
of gluteraldehyde present in the tissue, and that those tissue containing more gluteraldehyde
experience less calcification (52-54). Fixation with gluteraldehyde causes cross-linking of
collagen; and prevents the production of calcium, further preventing the formation of calcium
crystal upon the interaction with membrane phospholipids. It is these calcium crystals that

result in valve failure due to tear and stenosis(50).

Step 2: Anti-mineralization Treatment

Further treatment of the pericardium tissue to reduce calcification can be carried out through
anti-mineralization processes. This involves treatment of the tissue with agents such as
alpha-oleic acid and ethanol, and surfactants. These anti-mineralization agents prevent

calcification by binding covalently to the tissue preventing calcium influx(50).

Step 3: Valve design and construction

An intravascular stent is used to insert and mount the bovine pericardial replacement heart
valve. The stent is either balloon expandable or self-expanding, and the biological tissue
valve is sutured to the interior of the stent(55). The first generation of stent-valves was the
Cribier-Edwards PHV, shown in figure 2, which consisted of three leaflets of fabricated tissue

sewn onto a stainless steel stent. Since then, the design has been modified and improved,
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with multiple configurations and valve diameters possible. The material of choice for the stent
depends on the type of stent; balloon-expandable stents (Figure 3) are made of materials
such as steel, platinum, and alloys containing plastic balloons inside the stent, self-

expanding stents are made of memory materials such as nitinol(56).

FIGURE 3: AN EXAMPLE OF A BALLOON EXPANDABLE VALVE DESIGN, THE EDWARDS-SAPIEN
PERCUTANEOUS HEART VALVE. TOP: BOVINE PERICARDIUM LEAFLET (BLUE ARROWHEAD)
INSIDE THE FRAME OF A STAINLESS STEEL STENT (BLUE ARROW). BOTTOM: A DELIVERY
CATHETER WITH A VALVE LOADED (BLACK ARROWHEAD) (EDWARDS LIFESCIENCES INC.,
CALIFORNIA). IMAGE SOURCED FROM P. T. L. CHIAM & C. E. Ruiz (2008) “PERCUTANEOUS
TRANS CATHETER AORTIC VALVE IMPLANTATION: ASSESSING RESULTS, JUDGING
OUTCOMES, AND PLANNING TRIALS” JACC: CARDIOVASCULAR INTERVENTIONS (1), 4, 341-
350.

Step 4: Implantation into heart valves

Initially, open heart surgery was required for valve replacement however in recent years
trans catheter aortic valve replacement using a delivery device has appeared as a less
invasive method. This involves delivering the bioprosthetic valves through catheters to the
replacement site via transarterial or transapical approaches(56). The transarterial approach
involves feeding the catheter through an artery to deliver the replacement valve, whereas
transapical involves going through the wall of the heart. Once the collagenous pericardium
tissue is mounted on to the delivery device, it is carefully placed using one of the techniques

mentioned, and sutured into the area of the valve that needs replacing.
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Methods for Characterising the Structure of Collagen Materials

The properties and characteristics of bulk materials largely depend on the structure and
behaviour of the material at the nanoscale level. For this reason, to understand the
behaviours of each of the materials studied; leather, ADM and pericardium, we aimed to
measure the properties of these materials on a very small scale. A number of techniques can
be used to characterise the nanostructure of collagenous materials such as leather, ADM
and heart pericardium. This thesis discusses the use of, synchrotron based small angle X-
ray scattering (SAXS), scanning and transmission electron microscopy (SEM and TEM),
ultrasonic imaging, and tear and tensile testing to characterise the collagen matrix and the
individual collagen fibrils that make up the matrix structure of collagen biomaterials. These

techniques are discussed further below.

Synchrotron based small Angle X-ray Scattering (SAXS)

Synchrotron based SAXS was used as opposed to laboratory based SAXS since the
synchrotron offers much higher x-ray intensities allowing for faster data collection, and higher
spatial resolutions. The beam can be focused much sharper allowing for multiple data
analysis points in one material cross section. This allows the structural differences
throughout the thickness of the samples to be compared, something which has been
important for the studies on leather looseness. Laboratory based SAXS systems have lower
flux than synchrotron based SAXS systems and therefore samples need to be exposed to x-
rays for much longer to achieve a diffraction pattern fit for data analysis. Samples could be
affected by longer exposure times to the x-rays, or could dry out during longer data collection
times, which could affect results. For these reasons, synchrotron based SAXS was chosen

over the laboratory systems for this work.

Synchrotron radiation is electromagnetic radiation that is generated by accelerating charged
particles (electrons) close to the speed of light around a large curved synchrotron ring.
Electrons are generated in the centre of a large storage ring by an electron gun which heats
a tungsten matrix cathode and fires thermionic emissions into a linear accelerator. The linear
accelerator accelerates the generated electron beam to an energy of 100MeV over 10
metres. After the first metre of acceleration, the electrons are already travelling at around

99.99% of the speed of light. The beam then enters the booster ring. The Australian
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synchrotron booster ring is 130 meters in circumference. The electron energy is increased
significantly in the booster ring by the ramping of magnets located around the ring. An
electron will spend about half a second in the booster ring before it enters the storage ring,
and during this time it will complete over one million laps of the ring. The electrons are then
injected into the storage ring with energy of around 3 GeV and an expected beam life time of
20 hours. The Australian synchrotron storage ring is 216 meters in circumference and can
hold 200mA of stored current. The electrons travel continuously around the ring controlled by
a series of magnetics placed around the storage ring. The electrons do not travel in a perfect
circle around the ring, but instead undergo multiple changes in path in one direction, until
they return back to the starting position. At the Australian synchrotron there are 14 sections
that make up the ring, consisting of 4.4 metres of straight section and 11 meters of arc each.
The arc sections contain dipole magnets. Each time the electrons are forced to change path
around the arc by the dipole magnets, a beam of synchrotron light is emitted tangentially
from their path. This beam is the synchrotron radiation that is directed and focused into a
piece of analytical equipment located around the large ring. Each of these pieces of
equipment is a different beamline station, each with specific capabilities and technical
specifications. The radiation emitted from a synchrotron ranges from infrared through to hard

X-rays, making it a useful research tool for a wide variety of purposes and materials.

Synchrotron
Radiation to beam
line station
Bending i
magnets > Storage Ring

FIGURE 4: SCHEMATIC DIAGRAM OF A SYNCHROTRON STORAGE RING SHOWING THE
TANGENTIAL OUTPUT OF SYNCHROTRON RADIATION

The Australian Synchrotron is the closest synchrotron to us here in New Zealand, and was
used for most of the synchrotron based analysis of collagen based biomaterials for this
project. Some research on leather was also carried out at the National Synchrotron Radiation

Research Centre (NSRRC) in Taiwan. The Australian Synchrotron is located in Melbourne,
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Victoria, and currently has nine beam line stations; Imaging and Medical beamline, infrared
microspectroscopy, terahertz/far-infrared, macromolecular crystallography, powder
diffraction, small and wide angle X-ray scattering (SAXS/WAXS), X-ray absorption
spectroscopy, and X-ray fluorescence microscopy. The small angle X-ray scattering (SAXS)

beamline has been used for the analysis of collagen structure in this project.

SAXS is able to provide structural information on complex materials through observing
diffraction patterns when utilising a high-intensity undulator source (57). SAXS can provide
information at extremely high resolutions and has been shown previously to be useful for
determining collagen structure and characteristics in a number of biomaterials. For example,
SAXS has been used to successfully study the collagen structure in leather samples(19, 57-
59), tendon(17, 60-62), cartilage(63-65), bone(66-68) and pericardium(69, 70).

The basic layout and component parts of the SAXS beamline, in order from top to bottom

from the radiation source or storage ring, are shown in the figure below.
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FIGURE 5: FLOW CHART SHOWING THE COMPONENT PARTS OF A SAXS BEAMLINE FROM
UNDULATOR SOURCE THROUGH TO DETECTOR.

The top or front end of the main beam line is designed to protect the ultra-high vacuum of the
storage ring and also deliver synchrotron radiation to the beam line chambers. Radiation
enters the beamline from the storage ring to the undulator. An undulator is a series of dipole

magnets which forces the incoming particles to oscillate, radiating energy in concentrated
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narrow beam. The beam then travels through the defining aperture to determine the size of
the beam and the thermal absorbers which are designed to protect the beam line chambers
by absorbing up to 90% of the synchrotron radiation power generated by the magnets(71).
The radiation shutters are in place for safety and to control the entry of radiation into the
beam line chamber. The storage ring shield wall is a thick wall that separates the ring from
the experimental area of the beamline. Beam slits are used to focus the beam down further
before entering the double crystal monochromator. By using crystal monochromators, it is
possible for researchers to select and transmit the desired wavelength from the incident
synchrotron radiation beam for analysis(72). The energy can be selected by rotating the
crystals while they are parallel to each other, varying the Bragg angle. From the
monochromator, the beam travels through more splits and shutters to the sample. When the
beam hits the sample, X-rays are diffracted and/or reflected and those that travel through the
sample and are collected at the detector. It is possible to study the structure of molecules
anywhere from 1 — 500 nm in size using SAXS, making it an ideal tool to study the complex

hierarchical structure of collagen.

Below is a simplified SAXS experimental set-up for the analysis of leather. A similar set up

was used for ADM and pericardium.

2D detector

sample containing

oriented collagen fibrils \

Incident
X-ray beam Edge-on to

the surface

Normal to
the surface

FIGURE 6: THE SAXS EXPERIMENTAL SET-UP FOR ANALYSING LEATHER PARALLEL AND
PERPENDICULAR TO THE GRAIN SURFACE. A SIMILAR SET-UP WAS USED FOR ADM AND
PERICARDIUM.
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Small angle X-ray scattering (SAXS) is a technique that is based around the diffraction of a
monochromatic X-ray beam upon the interaction with a sample. SAXS was developed in the
early-20™ century where A. Guinier developed a method to retrieve information on the sizes
and shapes of particles in lattices, as well as the internal structure of disordered and partially
ordered structures(73). When X-rays are fired at a sample, most will pass through with no
interaction, however some will be diffracted; these are collected and used to form a
scattering pattern that contains information on the molecular structure of the sample

including pore size, distribution and shape.

Diffracted
X-rays
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™

FIGURE 7: THE DIFFRACTION OF X-RAYS WHEN PASSING THROUGH A LATTICE. 20 =
SCATTERING ANGLE, A = INCIDENT WAVELENGTH

For SAXS, the scattering pattern is recorded at very low angles, typical from 0.1 — 10°, giving
a modest resolution that is capable of determining the size and shape of macromolecules,
nanoparticles and large molecules, but not the atomic structure of materials. A two
dimensional detector, such as the detectors at the Australian Synchrotron and NSRRC,

allows an full 360° scattering pattern to be collected at once, as shown in Figures 5.

The 2D detector records the diffraction patterns which require the collection of two patterns
when the sample is randomly orientated such as in a collagen based biomaterials; one of the
collagen sample and one of a background solution or buffer. This is because the scattering
pattern represents an average of the scattering from all possible orientations. The scattering

intensity is recorded as a function of the scattering vector (k);
k = 4msin(0) /A.

Where 26 is defined as the scattering angle and A is the wavelength of the incident X-ray

beam.
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FIGURE 8: MERIDIONAL AND EQUATORIAL SCATTERING FROM A SAMPLE CONTAINING WELL-
ORIENTATED COLLAGEN FIBRILS.

From the scattering pattern a scattering profile can be obtained by integrating about the
beam centre. Scattering profiles can be used to obtain useful structural characteristics of a
material such as particle size and particle shape. When investigating collagen structures
within a sample, which are long cylindrical shapes, plotting the intensity as a function of k at
different azimuthal angles will give different structural information, as demonstrated in figure
8. The average size of the fibril diameters of collagen in a sample can be determined by
fitting data to a scattering profile that is plotted at 90° to the long axis of most of the collagen
fibrils; this is in the equatorial direction in the set-up shown in figure 8. Secondly, by plotting
the scattering profile at an azimuthal angle 90° to that, in the meridional direction if referring
to figure 6, the size of the d-spacing along the collagen fibrils can be determined by fitting a
Gaussian curve to the data. A third structural characteristic of collagen materials has been
determined during SAXS studies for this project, and that is the orientation index (Ol). Ol is
an index that has been developed as a measure of fibril alignment to compare the collagen
fibril alignment in various materials(74). The determination of collagen diameter size, d-
spacing and orientation index is discussed in more detail in the appropriate proceeding

chapters.
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Scanning and Transmission Electron Microscopy (SEM and TEM)

SEM and TEM involve using a focused beam of electrons to illuminate a sample and form a
magnified image. Electron beams have a shorter wavelength compared with visual light;
therefore a much higher resolution and magnification can be achieved when using an
electron microscope over a light microscope. SEM involves scanning a samples surface with
electrons to obtain information on the samples surface topography. In TEM, the electron
beam is passed through the entire sample. Both methods are capable of producing high
resolution images of samples to obtain valuable information on the samples composition and
structure; however TEM is capable of achieving higher magnification and resolution than
SEM. An advantage of SEM is that three dimensional images can be produced unlike TEM
which produces a two dimensional image. Using SEM we were able to observe the structure
of collagen fibre bundles and when using higher magnifications, the individual fibrils that
make up fibre bundles (figure 9a and 9b). TEM was able to achieve a close image of the
individual fibrils as well as fibril d-spacing and clearer fibril diameter sizes (figure 10a and
10b). TEM and SEM were used to visually study and compare collagen structures of both
leather and ADM materials for this project. Below are some examples of the types of images

achieved using SEM and TEM on bovine leather.

FIGURE 9: A) AN SEM IMAGE TAKEN OF THE ENTIRE CROSS-SECTIONAL STRUCTURE OF A
BOVINE LEATHER SAMPLE, SHOWING THE COLLAGEN STRUCTURE. BUNDLE SIZE AND OVERALL
STRUCTURE IS VISIBLE HOWEVER THE FIBRILS ARE TOO SMALL AT THIS MAGNIFICATION.
SCALE BAR IS 1 MM. B) AN SEM TAKEN AT A MUCH HIGHER MAGNIFICATION OF BOVINE
LEATHER, BOTH COLLAGEN FIBRIL AND BUNDLE STRUCTURES CAN BE SEEN. SCALE BAR IS 10
uM.
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FIGURE 10: EXAMPLES OF IMAGES ACHIEVED USING TEM OF COLLAGEN WITHIN A LEATHER
SAMPLE. THE FIGURE ON THE LEFT IS AN EXAMPLE OF AN IMAGE TAKEN END-ON TO THE
FIBRILS, FROM WHICH THE FIBRIL DIAMETER CAN BE OBSERVED. THE FIGURE ON THE RIGHT
SHOWS AN IMAGE TAKEN PERPENDICULAR TO THE LONG AXIS OF THE COLLAGEN FIBRILS,
FROM WHICH D-SPACING CAN BE OBSERVED. SCALE BAR IS 500 NM.

For this project, the electron microscopy analyses were carried out at the Manawatu
Microscopy Centre. The Manawatu Microscopy Centre, based at Massey University in
Palmerston North, contains various microscopes including an SEM and TEM. When carrying
out scanning electron microscopy on leather, the samples are sputter coated with gold
before images are taken with an accelerating voltage of 20kV. To record the images, a FEI
Quanta 200 instrument is used (FEI, Eindhoven, The Netherlands). For TEM, samples are
micro-toned to produce very thin slices to allow the electron beam to pass through. After they
are prepared for imaging, images are taken using a Philips CM10 TEM, with SIS Morada
high-resolution digital imaging, or a FEI Tecnai G2 Biotwin TEM with a tomography unit.
More information on the methodology used for the samples analysed during this project are

given in the appropriate chapters.

Ultrasonic Imaging

Ultrasound has been used as a method to identify the presence of looseness in leather. As
mentioned previously, the current method for identifying looseness in leather involves visual

analysis and grading by a worker carrying out a pinch type test, which is not a quick or
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accurate method. For this reason, ultrasound has been explored as a more effective method
for looseness grading. The use of ultrasound to identify leather looseness is a new idea. Liu
et al (2013) has used ultrasound to identify and evaluate leather hides for defects close to

the surface, but not looseness, which is more of an internal structure defect.

Ultrasound is a form of energy generated by oscillating sound pressure waves at frequencies
above the upper limit of the human ear (above 16 kHz). Ultrasound is used in a wide range
of fields, one industrial use of ultrasound is for flaw detection in building materials, pipelines
and structures(75). The frequency range typically used in ultrasonic non-destructive testing
ranges from 100 kHz to 50MHz, depending on the material type, the resolution and depth
required. Ultrasound behaves in a similar way to audible sounds, however has a much
smaller wavelength and can therefore reflect off very small discontinuities in a material,
making it a useful tool for non-destructive testing (NDT) and flaw detection in a number of

materials.

I Pulser/reciever I

Transmitting (black) and
reflecting (blue) sound
waves

Transducer

Air gaps in material

FIGURE 11: A SCHEMATIC DEMONSTRATING THE BASIC IDEA OF HOW ULTRASOUND CAN BE
USED TO DETECT FLAWS, SUCH AS AIR GAPS, IN A MATERIAL FOR NON-DESTRUCTIVE
TESTING.

Sound waves are transmitted from the transducer and travel through the material, which can
be a solid, liquid or gas, at a specific velocity, wavelength and frequency. The sound waves
will continue through the material until they encounter a change in material density or
medium, indicating a flaw. When this occurs, some of the waves are reflected back through
the material to the receiver/transducer to be interpreted by software to give information on

the size and depth of the flaw.

Another use of ultrasound is for medical and veterinary imaging, also known as diagnostic
sonography or ultrasonography. Ultrasound is used for a wide range of applications in the
medical/veterinary field and can be used for imaging and real-time visual analysis of internal

body structures ranging from internal organs, tendons, joints, muscles, vessels and skin.
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For the analysis of leather, a skin scanner ultrasound presented the required range of
frequencies and settings that could be adjusted for the use on leather, therefore a range of
skin ultrasonic devices were investigated for purchase. The general features and set-up of a

skin ultrasound device is discussed further below.

Ultrasound components and set-up

The general set up for a high frequency ultrasound system used to investigate skin consists
of an ultrasound platform and transducers probes. The platform usually contains the
pulser/receiver and preamplifiers, and can be directly plugged into a PC via the USB port for
the display screen and further data analysis. Platforms are design to support a number of
transducer probes with varying designs and frequencies, depending on their application. For
skin ultrasound, the penetration depth required is not very high (to just under the skin), but
the resolution desired is usually very high, in order to identify small features or discontinuities
in the skin. Therefore, very high frequency ultrasound is usually sought after for skin

applications, generally in the megahertz range.

1) Pulser/Receiver

The pulser/receiver is required to generate high voltage electrical pulses to drive the
transducer. The pulser section of the device is responsible for generating these electrical
pulses which are converted to ultrasonic pulses by the transducer in the system. The
receiver part of the pulser/receiver is responsible for receiving the voltage signals back from
the transducer (which have been converted back from ultrasonic signals to electric signals).
The receiver amplifies the received signals to then be available for signal processing or as

an output display.

2) Transducer

Transducers are devices that are designed to transfer power from one system to another in
the same or different form. Ultrasonic transducers are used to convert electrical pulses from
the pulser/receiver to mechanical vibrations (or sound), and convert the received sound

signals back to electrical pulses again to be processed by a computer. The phenomenon
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involving the conversion between electrical and mechanical energy forms is known as the
piezoelectric effect and is carried out using piezoelectric or single crystal materials which are
contained within a transducer. Transducers types and properties range widely and the
selection of the transducer for a specific application is critical; it is important to consider
specifications such as frequency, bandwidth, and the element diameter when selecting a
transducer (76). The transducer used to collect data on the collagen structure in dermal

tissues for this research is shown in figure 12 (Cortex Technology, Denmark)

There are different transducer set-ups that can be used in ultrasonic testing. The two most
common are the pulse-echo technique and the through transmission technique. In pulse-
echo mode, the transducer carries out both the sending and receiving of the sound waves.
The ultrasound platform then measures the time of flight of the sound waves through a
material and the amplitude of the received signal. Pulse-echo set-up can be more useful for
high density material, material that is too thick for the signal to pass the entire way through,
or for in-situ testing where it is not possible to place the receiver on the receiving side of the
material being tested (i.e. in skin analysis on a patient). In through transmission mode, a
transmitter sends ultrasound waves through a material and a separate receiver collects the
resulting signals on the other side of the material, therefore two probes are required.
Imperfections within the material can affect the amount of sound that transmits through the
material, which is detected by the receiver and thus enables flaws or structures within a
material to be identified. The technique used is based mainly on the properties of the
material being tested and the desired outputs. Due to the high density properties of leather

and ADM materials we used pulse-echo transducer set-up.
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FIGURE 12: PHOTO OF THE TRANSDUCER PROBE USED FOR THE ANALYSIS ON LEATHER AND
ADM MATERIALS. THIS TRANSDUCER WAS PURCHASED ALONG WITH THE DERMASCAN C USB
DEVICE FROM CORTEX TECHNOLOGIES IN DENMARK.

The main components of a transducer probe include the active element, backing and wear

plate:

The active element is the most important part of a transducer. It is responsible for both
generating an electric field according to a mechanical deformation (direct effect), and
generating a mechanical deformation or dimension change due to an electric field (inverse
effect) in ultrasound applications (76). Active elements are piezoelectric materials that are
either natural or synthetically made and can include various crystals, ceramics and polymers.
Ceramics are most commonly used as they generally present better piezoelectric properties
and can be more easily manufactured into various shapes and sizes(77). Some commonly
used ceramics include lead zirconate titanate, lead titanate, and barium titanate (78). Over
recent years, piezo-polymers and composites have also been introduced and are becoming
more common as active elements in piezoelectric transducers. These polymers include
PVDF and P(VDF-TrFE) (79). In order to achieve the desired wavelength in a transducer the

active element should be cut to a thickness of % that wavelength(77) (80).

The wear plate sits in front of the active element to protect it from the environment. Since it

acts as a protective material it must be durable and non-corrosive. In some cases, such as in
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immersion transducers, the wear plate has an additional matching layer which also sits
between active element and the external surface to which the transducer is in contact with
(water, test object, etc.) (80). The matching layer is designed with acoustical impedance to
allow the transmission of energy from the active element to the load or sample with the least
possible loss of energy (81). The matching layer is designed with a thickness that is 74 the of
wavelength required in order to achieve the optimal impedance match. If a transducer is not
designed with care and the thickness of the wear plate is slightly wrong when taking into
account the wavelength, the sound waves will not be in phase. This would cause a disruption

in the wave front and result in poor quality scans (80).

As the name suggests, the backing is located on the back end of the active element. It is
designed to dampen and control the mechanical vibrations of the transducer to a desirable
level (81). It does this by absorbing the energy which radiates from the back of the active
element of the transducer. Matching the acoustic impedance of the backing material to the
active element results in a good range of resolutions being accomplished by the transducer,
but can potentially lower the signal amplitude (80). The backing material is needs to be
dense and highly attenuative, with the most common material to use being a mixture of resin

epoxy and tungsten powder (81).

3) Preamplifier

In order to achieve optimum signal acquisition, certain ultrasonic systems require the
addition of a preamplifier unit to provide further broadband signal-to-noise enhancement. The
addition of a preamplifier is almost always required for industrial applications involving flaw
detection or thickness measurements of highly attenuative materials. It is also important to
include a preamplifier in testing systems that require the amplification of low signal amplitude
disruptions. If there is a significant length of cable required between the transducer unit and
the display unit in the system, a preamplifier may be used to compensate for amplitude

losses across the cable (80).

4) Data collection/ Image Display

An image display unit can be part of the platform or a separate computer. There are a

number of formats to present the collected data in an ultrasound system. The most common
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formats are the A-scan and B-scan displays. Each format presents the data differently,
allowing the observer to view and analyse specific parameters. It is possible for some

systems to display more than one (or all) formats simultaneously.

An A-scan profile presents the strength of the received signal as a function of time or
position. This format is able to provide information on the signal amplitude and time of flight
at a specific area on the test material and therefore can be used to give information on the
size and position/depth of any discontinuities (82). An A-scan is one-dimensional, creating a
line profile of reflection strength received from the surface through to the maximum
penetration depth, at a specific point on the surface of the material, The maximum
penetration depth is determined by the attenuation within the material and the technical set
up and settings used. Reflection strength is determined by changes in density within the
material. Changes in density represent flaws, gaps and discontinuities within a material

internal structure.

A B-Scan profile is composed of a number of A-scan lines, to form a cross-sectional image.
This provides a cross-sectional profile of a test material. Here, the time of flight of sound is
plotted verse the linear position of the transducer on the material. This can therefore
determine the approximate planar position and size of changes in density, representing

flaws, as well as their depth in a material.

Dermascan C USB Device

A number of ultrasound options were explored when deciding on the most appropriate for the
use on leather and ADM materials. The option that came out on top was the Dermascan C
USB device, from Cortex Technologies in Denmark. The Dermascan device is a skin
scanner, designed to visualise the layers of the skin and subcutaneous tissues. It is used to
identifying skin damage, such as that caused by over exposure to the sun, and does this by
identifying any density changes within skin. Normal tissue is homogenous in structure and
therefore provides very little or no density change, generating little or no reflections in the
Dermascan. When skin is damaged, the structure is changed and density differences can be

detected. This also can be applied for identifying tumours within the structure of skin.

A Dermascan C USB was purchased for research, along with two compatible 2D probe
heads from Cortex Technologies; one being a 20MHz probe, and the other a 50MHz. Both
probes are capable of near real-time scanning, taking 6-8 frames per second. For skin, the

20MHz probe has an axial and lateral resolution of 60 x 150 pm respectively, with a
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penetration depth of 14mm. The 50MHz has a higher resolution of 30 x 60 ym but only 3 mm
penetration. Because of the short range of the 50 MHz probe, this wasn’t as suitable to
visualise the lower grain and corium regions in leather and therefore the 20MHz probe was
used for most of the research carried out here. The probes required calibrating to determine
the sound velocity in leather, and this in turn determined the axial resolution. Calibration for
leather was made by comparing the actual thickness of leather (measured using a
micrometre) to the thickness of the material when displayed in an ultrasound image on the
Dermascan. Multiple calibration measurements were made and averaged to determine the

sound velocity in leather using the 20 MHz probe (Table 1).

Table 1. Calibration values and sound velocities calculated to determine the sound velocity
through leather for the 20 MHz probe.

Width of
Velocity Thickness of leather in Velocity, leather
air (m/s) | leather (mm) image (mm) (m/s)
1580 0.48 0.75 2468.75
0.5 0.8 2528.00
0.515 0.8 2454.37
0.46 0.8 2747.83
0.45 0.75 2633.33
0.46 0.738 2534.87
Average 2561.19
St dev 99.45

The velocity in leather above was calculated from the equation:

Width of leather in image
Thickness of leather

Sound velocity in leather = Sound velocity in air X

The axial resolution was then determined from:

1580m/s

60um X —o " =
K2 o561m/s

7um
The lateral resolution is determined from the probe design and does not change. Therefore
the resolution possible when scanning leather with the 20 MHz probe was 97 x 150 um.

The Dermascan probes have an internal water chamber to reduce attenuation, which is
contained using a disposable water barrier supplied by Cortex Technologies. The barrier is a

designed plastic film material that allows ultrasound to pass though without affecting the
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signal or image quality. The probes connect up to a platform which connects to PC with the

Dermascan software installed for image display and analysis.

Data collection

Once the Dermascan was purchased and set-up, a custom gain profile was developed for
the use on leather specifically. This custom profile was created with the purpose of detecting
any change in collagen fibril structure within leather from the grain surface, through to below

the grain-corium junction and into the corium layer of leather.

Klaus Ahlbech and Suzanne Holst Borre from Cortex Technologies assisted in the
development of this custom profile while visiting Cortex Technologies headquarters in
Aalborg, Denmark. All leather testing was carried out underwater to further reduce
attenuation of the signal and optimise penetration depth and image quality. The partially

processed leather, the wet-blue and pickle, were also scanned while submerged underwater.

Data analysis

A-scan and B-scan analysis can be recorded simultaneously using the Dermascan set-up,
and both were used for leather and ADM analysis. A B-scan image is made up of 224 A-
scans using the Dermascan software. Depth measurements, distances and thicknesses can
be selected and determined on the Dermascan software A-scan analysis. The B-scan
function provides more in-depth information such as ‘Intensity segmentation’. This is the
calculation of an image area which falls within a specific intensity range. This range can be
set by adjusting the intensity level settings in the program. The program is capable of
automatically detecting material edges, or otherwise a specific area of interest can be
manually selected for analysis. When an area of a B-scan image has been selected,
information such as the total area, segmented area selected in mm?2, minimum and maximum
distances in mm, the total intensity in %, and the intensity within the set range in %, are all
automatically and instantly calculated by the software. This quick analysis of the recorded
ultrasound intensity and area of a sample has proved to be a very useful tool in the analysis
of fibril packing and density in leather samples. This work is further discussed in chapters 1
and 2.
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Poisson’s Ratio of Materials

Poisson’s ratio, named after Simeon Poisson, offers a fundamental metric to compare the
mechanical performance of materials when strained elastically. It is a negative ratio of the
transverse to axial strain when a material is compressed or stretched in one direction.
Materials such as glass, wood, metal, ceramics, polymers and tissues all behave very
differently when under stress; Poisson’s ratio allows for universal numerical comparisons of
how extensible or incompressible materials are(83). Poisson’s ratio of stable, isotropic
materials cannot be less than -1 or greater than 0.5 due to the requirements of Young’s
modulus. Most materials have a Poisson’s ratio between 0 and 0.5, where a completely

incompressible material, where volume is maintained, has a Poisson’s ratio of 0.5.

Negative Poisson’s ratios below -1 are possible for auxetic materials, where the thickness of
a material increases in the perpendicular direction to strain when strain is applied.
Conversely, an auxetic material decreases in thickness or diameter when it is compressed.
This behaviour is often due to unique molecular bonding in a material, and results in
interesting mechanical properties such as fracture resistance and high energy

absorption(84).

Anisotropic materials can have a Poisson’s ratio above 0.5. These materials decrease in
thickness or diameter faster than the rate of elongation. In other words, the structure
collapses and the total volume decrease when strain is applied. Previously, it has been
shown that collagen based materials such as cartilage (85) ligaments (86) and tendon (87),
are anisotropic and can exhibit high Poisson’s ratios. This is an unusual characteristic for
most materials, and therefore this could play an important role in the mechanics of these
tissues. While this was known to occur for some bulk collagen materials, the behaviour of the
collagen fibrils within these materials when under strain had not been widely studied. It is
wondered how the collagen fibrils themselves behave under strain, as this may help to

understand the bulk mechanics of collagen tissues and materials.
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Section A: Looseness in Leather

Chapter 1: Looseness in Bovine Leather: microstructural characterisation

Chapter 1 is published as an academic journal article in the Journal of Science Food and

Agriculture:

- H. C. Wells, G. Holmes, R. G. Haverkamp, “Looseness in bovine leather:
microstructural characterization” (2015) J. Sci. Food Agric. DOI:10.1002/jsfa.7392

ABSTRACT

A substantial proportion of bovine leather production may be of poor quality, with the leather
suffering from a characteristic known as looseness. This defect results in a poor visual
appearance and greatly reduced value. The structural mechanism of looseness is not well
understood. Samples of loose and tight bovine leather are characterized using small angle
X-ray scattering, ultrasonic imaging, and electron microscopy. The density of fibre packing
and the orientation of the fibrils are analysed. Tensile strength is also measured. Loose
leather is characterized by more highly aligned collagen fibrils. This results in a weaker
connection between the layers. There is a looser packing of the fibres in loose leather than in
tight leather, with more gaps between fibre bundles, particularly in a region in the lower grain.
This region is visible with in-situ ultrasonic imaging. Loose leather has a higher tensile
strength than tight leather. While a high degree of collagen fibril alignment is normally
associated with strong leather, it has been shown that too much alignment results in loose
leather. Understanding the physical basis of looseness is the first step in identifying
looseness in hides and learning how to prevent looseness from developing during leather

manufacture.
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INTRODUCTION

To maximize the income from leather production it is paramount that the finished leather be
of high quality. Leather is produced from hides and skins on a large scale, in a multibillion
dollar industry. The raw products come from a wide range of animals, but the largest volume
and value are associated with bovine leather(88). The main uses of bovine leather are in
footwear, upholstery (including automotive) and apparel. While many properties of leather
make it suitable for use in these applications, one important property in all of these uses is
appearance. Surface features that give what is considered an undesirable appearance or
that result in variation in appearance from one region to another reduce the value of a hide

considerably. Looseness is one such feature that degrades leather quality.

Specifically, in the industry, “looseness” is a term applied to leather with an excessive
tendency to exhibit wrinkles or creases in a finished product. Looseness describes a coarse
(bad) “break”, which is defined in the standard (89) as “the pattern of wrinkles formed on the
grain surface of upper leather when it is bent grain in to form a concave surface. . . A fine
break, or a grain pattern which shows many fine wrinkles when it is bent . . . reflects
favourably upon appearance and serviceability. A coarse break . . . where a few coarse
wrinkles are formed on bending the grain to form a concave surface may indicate that the
grain layer is separating from the corium or main stratum . . . Shoes made from fine-break
leather are more attractive and tend to wear longer than shoes made from coarse-break

leather.”

Typically looseness might result in the downgrading of 5-10% of bovine leather produced at
a tannery, even after trimming(6). Looseness is prevalent in specific regions of the hide,
especially the shoulders and flanks. Where this looseness stretches more than half-way up
the side of the leather, it is deemed to be a reject. This represents a substantial loss in profits
and a waste of processing capacity and resources. Currently, looseness cannot be detected
until a hide is part processed. The test for looseness is simple: an operator folds a piece of
leather with the grain side in to observe surface wrinkles. However, despite the potential loss
of value to the industry through looseness, there is little understanding of the structure of
loose leather and how that structure results in the features observed in the looseness test or

in a loose product. This work attempts to fill this gap in understanding.

Not only bovine leather is susceptible to looseness: it is also observed in, for example, ovine
and deer leather. However, only bovine leather is investigated in this study, in part because

of the industry’s perception that looseness in ovine and deer leather may have very different
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characteristics to looseness in bovine leather. Nonetheless, this work draws on existing

published research on the structures of leather derived from a variety of species.

One of the few published studies on looseness, which combined microscopic observation
and mechanical tests, found that in loose leather the grain layer tends to be separated into
sheet-like structures and that there are larger gaps between the collagen fibres than in tight
leather (90). The presence of sufficient elastin in the grain layer has been suggested as
being necessary to prevent looseness (91). The effect of different fillers on break have also

been investigated (92-97), as has the effect of different tanning agents (92).

Structural characterization of leather has recently been advanced with state-of-the-art
synchrotron-based X-ray scattering techniques to give insights into collagen fibril
arrangement and dimensions that relate to leather tear strength (57). A large variability in the
collagen fibril alignment in the plane of leather has been documented between species and
the alignment correlates strongly with leather tear strength (25, 98). Fibril diameter has been
found to be weakly correlated with tear strength (99). Tests of the response of leather
structure under stress have shown how different leathers response structurally to strain in
different ways (100) and that the collagen fibrils are very resilient, with a high Poisson’s ratio
(101). These techniques are applied here to improve understanding of the structural
differences between loose and tight leather, and are combined with electron microscopy and

ultrasonic imaging techniques.
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METHODS

Leather preparation

The hides used for measurements in this study were obtained part-processed from a
production run of hides at a local tannery. The hides weighed around 35 kg and have been
green fleshed and processed using a conventional recipe. This recipe is based on sodium
sulfide, sodium hydrosulfide and lime to both depilate and open-up the structure to allow the
removal on non-collagenous proteins in drums of 4 m diameter by 3.8 m wide, which are
loaded with approximately 8500 kg of hides at a time. Rotational speed is kept at 0.0179 g
during the liming stage and 0.0716 g during washing. Hides are taken from the processing
drums after 8 h liming. The lime splitter operated at a splitting thickness of 3.5-4.0 mm. Hides
were observed passing through the splitter, and hides selected at this stage which displayed
more “draw” across the shoulder and flanks than others in the batch. The selected hides
were returned to the Leather and Shoe Research Association (LASRA) for onward
processing in the LASRA pilot tannery to leather using a conventional recipe for shoe leather
production. The next day the horsed-up leather was sammed and set to achieve a moisture
content of 650 g kg™ and toggle dried at 40 °C on a tunnel drier until dry in all regions. The
leathers were conditioned heavily with water on the flesh-side and held in this condition for
24 h. The next day moisture measurements were taken to ensure a moisture content of 140

— 160 g kg™ in all areas prior to Molissa staking on settings of 4 and 5.

Looseness evaluation

Looseness was evaluated using the standard break test method (89), which involves folding
the leather grain side in, and quantifying the wrinkles against a standard break scale. Two
independent operators measured the break score and the results were averaged. From
three hides of leather, samples were taken from five regions: the OSP, the lower axilla, the
belly, the upper axilla and the neck. The looseness was evaluated and the samples were
determined to be either loose or tight. Samples were considered tight if they gave a break of
less than 3 and loose if they have a break of 5 or more. Those samples with a break

between 3 and 5 were not evaluated.
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Ultrasonic imaging

Ultrasonics images of the leather were recorded with a DermaScan C USB instrument
(Cortex Technologies, Denmark). A 20 MHz 2D-scanning head was used to carry out
scanning at 6-8 frames per second. The scanning head contains an internal water chamber
to minimize attenuation of the acoustic signal. To further improve image quality, scanning
was carried under water once the leather had been soaked in water for at least 24 h. The
sound velocity in leather was calibrated from the time of signal reflection and found to be
2561 (o = 99) m/s. The bandwidth is 0.75, which resulted in an axial resolution of 97 um (60
pm at 1580 m/s). The lateral resolution is 150 ym, owing to the mechanical scanning of the
transducer. The focal point sits at a depth of 13 mm from the ultrasonic transducer face,
which allows for the distance from the transducer (through the water-filled chamber) to the
barrier membrane and through the water film on the leather, such that the focal point falls
approximately within the leather sample. The transducer gain level and gain profile were
used to adjust the amplification of the signal. Setting the amplification correctly reduces
attenuation, allowing for better signal penetration and image quality. The 20 MHz probe
transmits ultrasound with a peak intensity of 0.19 W/mm?. A custom gain profile was created
for use on leather with a minimum intensity of 21 dB at the leather grain surface, increasing

to a maximum intensity of 42 dB at the corium.

Scanning electron microscopy

Small cubes of sample were fixed for 8 h at room temperature in a modified Karnovsky’s
fixative, containing 30 g kg™ glutaraldehyde, 20 g kg™ formaldehyde in 0.1M phosphate
buffer, pH 7.2. Three washes, each 10—15 min, were carried out in phosphate buffer (0.1M,
pH 7.2) followed by dehydration in a graded ethanol series (250, 500, 750, 950, 1000 g kg™)
for 10-15 min each. Samples were finally washed for 1 h in pure ethanol. Samples were
critical-point dried in liquid CO, (CP fluid) and pure ethanol (intermediary), using the Polaron
E3000 series Il critical point drying apparatus. Samples were mounted and sputter-coated
with gold (Baltec SCD 050 sputter coater) on to aluminium stubs and viewed in the FEI
Quanta 200 Environmental Scanning Electron Microscope at an accelerating voltage of 20
kV.
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Transmission electron microscopy

For transmission electron microscopy (TEM), samples were fixed with 20 g kg
formaldehyde and 30 g kg™ glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 2 h at
room temperature. The samples were washed and then post fixed with 10g kg™ OsO, in
buffer for 1 h at room temperature. After three washings for 10 min, they were dehydrated
using an acetone/water series (250, 500, 750, 950, 1000 g kg'1) for 10-15 min each, followed
by two changes of pure acetone for 1 h each. The leather samples were first embedded with
an acetone resin (Procure 812 ProSciTech, Australia) mixture (50 : 50), being left on a stirrer
overnight, and then the 50:50 mixture was replaced with pure resin and the samples left for
another 8 h and stirred; this step was repeated twice. The samples were finally embedded in

fresh pure resin at 60° C for 48 h.

Sections 1 ym thick were cut from trimmed resin blocks using a glass knife (Leica, Australia).
They were heat-mounted onto a glass slide, stained with 5 g kg™ toluidine blue for
approximately 12 s and viewed under a light microscope to select areas of interest for TEM
examination. Ultra-thin sections (100 nm thick) were cut using a diamond knife and
ultramicrotome (Diatmone, Switzerland). They were stretched with chloroform and mounted
on a copper grid using a Coat G pen (Diado Sangyo, Japan). The sections were stained with
uranyl acetate in 50% ethanol for 4 min, washed with 500 g kg™ ethanol and MilliQ water and
then stained with lead citrate for another 4 min. Finally, they were again washed with MilliQ
water. The specimens were examined with a FEI Tecnai G2 Biotwin Transmission Electron

Microscope with a tomography unit.

Small angle X-ray scattering

Diffraction patterns were recorded on the Australian Synchrotron SAXS/WAXS beamline.
The beamline has an undulator source and a cryo-cooled Si (lll) double-crystal
monochromator. It has an energy resolution of 10*, a beam size full width half maximum
(FWHM) at the sample of 250 x 150 pm and a photon flux of approximately 2 x 10'? ph/s.
Patterns were recorded with an X-ray energy of 11 keV and an exposure time of 1-2 s on a
Pilatus 1M detector with an area of 981 x 1043 pixels. A sample-to-detector distance of 3371
mm and an active area of 170 x 170 mm were used. The energy is calibrated using the zinc

K-edge from zinc foil at 9.659 keV and is maintained within 2 eV of the nominal energy.
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Each sample was mounted on a remotely controlled sample plate that was placed in the path
of the X-ray beam. Samples were analysed from grain to corium with spectra recorded at 0.2
mm increments. All samples were stored under the same humidity conditions. Data were
processed using SAXS15ID software (102).

Orientation Index (Ol) is used to measure the spread of orientation of the collagen fibrils. It is
calculated from the azimuthal angle spread of the most intense Bragg’s peak at around
0.058-0.060 A™". Ol is defined as (90° — OA)/90° where OA is the minimum azimuthal angle
range, centered at maximum peak intensity, that contains 50% of the fibril scattering
intensity. An Ol value of 1 indicates that the fibrils are completely parallel to each other, while

a value of 0 indicates orientation of the fibrils is completely isotropic.

Tear and tensile test

Tear strengths were determined using standard methods for double-edge tear testing (103,
104). Samples were cut and stored at 20 °C and 650 g kg™ relative humidity for 24 h before
the tear strength was measured using an Instron 4467. Thickness was measured using
method BS EN ISO 2589:2002. Six measurements were taken on tight leather (3 parallel and

3 perpendicular to the line of the backbone) and six on loose leather.

RESULTS

Break and Looseness

An example of the break being demonstrated on a sample of loose and tight leather is shown
in Fig. 1.1. The larger wrinkles are visible in the loose leather (with a break of 7), whereas

tight leather (with a break of 1) exhibits smaller and finer wrinkles.
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FIGURE 1.1: COMPARISON OF THE BREAK IN (A) TIGHT LEATHER WITH A BREAK OF 1 AND (B)
LOOSE LEATHER WITH A BREAK OF 7. PHOTOS WERE TAKEN DURING THE BREAK TEST OF THE
CONCAVE SURFACE OF THE GRAIN). SCALE BAR IS 2 MM.

Small Angle X-ray Scattering

SAXS analysis of cross sections shows differences between tight leather and loose leather

(Fig. 1.2). The tight leather is characterized by a marked difference in Ol between the corium

and the grain, with a lower Ol in the corium. The loose leather is characterized by a more

uniform Ol throughout most of the thickness, with a small drop in Ol towards the bottom of

the corium. The average Ol for the loose leather, 0.61 (o = 0.01), is higher than for the tight
leather 0.43 (0.03) (t = 0.47, P < 0.001 for a = 0.05).
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FIGURE 1.2: EXAMPLES OF ORIENTATION INDEX (Ol) OF (A) TIGHT LEATHER AND (B) LOOSE

LEATHER.
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Ultrasonics

There are clear differences between the ultrasonic images of loose and tight leather (Fig.
1.3). In the loose leather, there is a band of reduced intensity below the top surface of the
leather in the grain or grain-corium boundary region. This band suggests a less dense region
with more space between the leather fibres. In the samples imaged here that space is filled
with water but in dry leather the space would contain air. This region is not apparent in the
tight leather, which clearly has a more dense structure in the grain or grain-corium boundary

region.

The images demonstrate that there is a difference in the packing of the fibres in these
leathers, with the loose leather having a more loosely packed structure. The difference is
greatest in the middle of the grain layer: there is very little reflected ultrasonic signal in loose

leather (the dark band), and an intense region of reflection the tight leather.

While the intention of this study was not a survey of the distribution of looseness in hides,
because samples were taken from different positions on a number of hides some comment
can be made on the distribution of looseness. The OSP, upper axilla tend to be tighter
regions, while the lower axilla and belly are where the looseness is most strongly manifested.
The neck region tends to be intermediate. In Fig. 1.3 the different regions displayed are

identified with the looseness scores given.
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FIGURE 1.3: ULTRASONIC IMAGE OF (A, C, E, G) TIGHT LEATHER AND (B, D, F, H) LOOSE
LEATHER (SCALE BAR 1 MM). THE GRAIN IS AT THE TOP OF EACH IMAGE AND THE IMAGE WAS
TAKEN FROM THE GRAIN SIDE. SOME OF THE BOTTOM PART OF THE LEATHER (CORIUM) IS
NOT VISIBLE AS THE ULTRASONIC SIGNAL IS GREATLY ATTENUATED AS IT PASSES THROUGH
THE SAMPLE. POSITIONS OF THESE SAMPLES WITH THEIR LOOSENESS SCORES ARE: TIGHT —
A (2) OSP, c (2) OSP, E (2) OSP, G (2.5) UPPER AXILLA; LOOSE — B (7) LOWER AXILLA, D (6)
LOWER AXILLA, F (5) BELLY, H (6.5) LOWER AXILLA. SAMPLES A AND B ARE THE SAME AS
THOSE DISPLAYED IN THE SAXS, SEM AND TEM FIGURES BELOW.
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SEM

Scanning electron microscopy images of samples of tight and loose leather reveal that the
tight leather appears to have a larger region with the characteristic grain structure than does
the loose leather, with one representative image of each displayed in Fig. 1.4 a, b. Although
the fibres of the upper grain region appear to be tightly packed in both the loose and tight
leather, the loose leather also appears to have a region below the grain or in the lower part
of the grain that contains cavities where the fibres are not densely packed together and this
region is not apparent in the tight leather. The grain-corium region also differs between tight
and loose leather in the closeness of the fibril bundle packing when viewed under higher

magnification (Fig. 1.4 c, d), and of the collagen fibrils in some fibril bundles having looser

packing in loose leather.

FIGURE 1.4: REPRESENTATIVE SEM IMAGES OF CROSS-SECTIONS OF (A, C) TIGHT AND (B, D)
LOOSE LEATHER FROM THE GRAIN - CORIUM BOUNDARY REGION. SCALE BAR (A, B) IS 2 MM,
(c, D) 300 um.
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TEM

There is significant variation within each leather type at the scale of TEM, which provides
images at a magnification two orders of magnitude greater than shown in the SEM images.
In both the corium and the grain, there appears to be larger separation between the fibre

bundles in the loose leather than in the tight leather, which is visible in the representative

images in Fig. 1.5.

FIGURE 1.5: REPRESENTATIVE TEM IMAGES OF CROSS-SECTIONS THOUGH THE FIBRE
BUNDLES OF (A, B) TIGHT LEATHER AND (C, D) LOOSE LEATHER. GRAIN (A, C) AND CORIUM (B,
D). SCALE BAR IS 5 pM.
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Tear and tensile strength

Loose leather is significantly stronger than tight leather, yielding a tear strength of 130 (o =
61) N/mm as compared to 73 (0 = 10) N/mm (t = 16, P < 0.001 for a = 0.05).

DISCUSSION

The test for looseness is a measure of a physical manifestation of a structural property of
leather. The undesirable characteristic that is manifested is the separation of the grain
surface of the leather from the corium (or a separation within the grain). This results in a poor
physical appearance. Looseness results from a structural deficiency in the leather, affecting
the bonding of the layers either in the leather or in a specific layer or region in the leather. To

date, specific detail on the structure that gives rise to this failure has not been available.

A weakness throughout the leather, where the leather fibre or collagen fibrils are able to
separate, may be a consequence of a structure quite different to that responsible for a
weakness in only one layer in the leather, for example in the grain or between grain and
corium. We, therefore, investigated cross sections of leather with each of the structural
characterization techniques. By taking the end members on the break scale, it is possible to
characterize the structure of these materials and observe the relevant differences which may

relate to looseness.

The combined evidence of ultrasonic imaging, electron microscopy and SAXS analysis
shows that loose leather has a poorer connection between the “layers” due to less
interweaving of the fibres between the layers and looser packing of the fibres and fibrils. The
interweaving of these layers is clearly important for layer interconnectivity and its lack results
in parts of the layers separating more easily. The looser packing of the collagen fibre bundles
in the loose leather reflects that they are not as well held together as in the tight leather.
“Looseness” is therefore a good descriptor not only for the external appearance of the
leather, with the part of the grain coming loose from the rest of the leather, but also for the
internal structure of the collagen fibres. This can be clearly seen in the ultrasonics images,
with a region in the grain or grain-corium boundary showing more cavities, a state not unlike

that seen below the dermis of age or sun-damaged skin (105).
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The SEM images also reveal a large gap in the region in the grain or grain-corium boundary.
The higher magnification SEM and the TEM provides confirming evidence at an even finer
scale of differences between loose and tight leather. In loose leather, there is less close
packing of the fibril bundles and less close packing in some of the fibril bundles of the

collagen fibrils.

This technique is used for investigation of skin disease, for example in identification of

tumours and inflammatory diseases(106, 107).

The Ol profiles from SAXS of loose and tight leather are quite different, with fairly uniform
highly oriented fibrils throughout the thickness of the loose leather but a lower and more
varied orientation in the tight leather. Ol profiles have previously be shown to differ between
strong and weak leather and between different species (100), with strong, tight bovine
leather typically showing a dip in Ol in the central part of the leather, similar to the results
shown here. It appears that a key feature of looseness is the absence of this central low Ol
region, and therefore the absence of the highly interlocked connection between layers in this

region.

The higher tensile strength of loose leather might seem surprising, considering that this
leather is thought to be defective leather of inferior quality. The separation of layers could be
expected to weaken the material. However, an explanation can be provided that is consistent
with the analytical results here and with previous work on strength in leather and other
collagen materials (98, 100, 108). Fibril orientation is very important for strength: the collagen
fibrils are strong along the length of the fibrils but do not have as much bonding strength
between them. Therefore, strong leather results when fibrils are highly aligned in the plane of
the leather (tensile testing is done in the plane of the leather, not across the thickness).
However, when the fibrils are too highly aligned, the connection between the layers becomes
compromised and loose leather results. Therefore, optimum bovine leather of sufficient
strength requires the fibres to be aligned but not so aligned that the interconnecting layers

are absent, resulting in looseness.

CONCLUSIONS

It has been shown that looseness is a structural defect that results from a poor connection
within or between leather layers, particularly in the lower grain region or the grain-corium

boundary. This is manifested as less closely packed collagen fibrils and is due to a highly
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aligned collagen fibrils within the loose leather. Looseness can easily be identified in situ with
ultrasonic imaging. The more loosely packed and weakly bonded grain of the loose leather,
in comparison to tight leather, becomes separated during folding, resulting in the symptoms
of poor break or looseness. Whether the incidence of looseness varies among different
animals — for example, among animals of different breeds, sex, age or condition, or animals
exposed to varying environmental factors — forms part of a separate study. Why such

variations might lead to this skin structure would then be a useful avenue for investigation.
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Chapter 2: Early Detection of Looseness in Bovine Hides using

Ultrasonic Imaging

Chapter 2 is published as a journal article in the Journal of the American Leather Chemists

Association:

= Hannah C. Wells, Geoff Holmes, Richard G. Haverkamp “Early Detection of Looseness

in Bovine Hides using Ultrasonic Imaging” J. Am. Leather Chem. Assoc. (2016) 111 (3).

ABSTRACT

The processing of bovine hides to leather results in a significant proportion of defective
leather known as loose leather. It has not previously been possible to recognize hides that
may produce loose leather. Hides were processed through to leather with samples retained
at the pickle, wet blue and leather stages with material that resulted in loose leather
compared with that resulting in tight leather, using ultrasonic imaging. The loose precursor is
characterized by a lower density of material in the mid grain layer. The looseness is
quantified by amplitude differences in ultrasound line scans or cross-sectional area scans
between loose leather and tight leather with 2-4 times the amount of low intensity area in
loose leather at all three process stages. This enables detection of hides that will result in
loose leather and may enable unsuitable hides to be diverted to other process streams to
save substantial processing costs.
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INTRODUCTION

Leather produced from bovine hides may exhibit a defect known as looseness (109). This
defect is present in 5-10% of finished bovine leather and results in a greatly reduced value
for the leather and therefore a loss of revenue to the industry. At present there is no way to
identify unprocessed hides that may result in loose leather nor is it yet possible to predict
which animals are likely to produce loose leather. Many unsuitable hides are therefore

processed to leather and subsequently rejected or downgraded at the leather stage.

Looseness is a term used in the leather industry to describe an undesirable characteristic of
leather with an excessive tendency to exhibit wrinkles or creases in a finished product.
Looseness describes a coarse (bad) “break” as defined in the ASTM standard (89) “...where
a few coarse wrinkles are formed on bending the grain to form a concave surface may

indicate that the grain layer is separating from the corium or main stratum”

In loose leather the grain layer tends to be separated into sheet like structures and there are
larger gaps between the collagen fibres than in tight leather (90). The presence of sufficient
elastin in the grain layer has been suggested as being necessary to prevent looseness (91).
It has been shown that looseness is a structural defect that results from a poor connection
within or between layers particularly in the lower grain region or grain-corium boundary. This
is manifested in less closely packed collagen fibrils and results from a high degree of
alignment of collagen fibrils within the loose leather. The more loosely packed and weakly
bonded grain of the loose leather, in comparison to tight leather, becomes separated during

folding grain-in resulting in the symptoms of poor break or looseness(109).

Ultrasonic imaging has been shown to be able to clearly identify looseness in the leather with
a layer of lower intensity of reflected signal in the grain (109). Ultrasonic images of looseness
in leather look similar to that of aged or sun damaged skin which also shows a low intensity
of reflected signal in the dermis (105). The technique can also be used for investigation of

skin disease, for example in identification of tumors and inflammatory diseases (106, 107).

While looseness is defined for leather, it may be that the structural characteristics that result
in looseness are present in the unprocessed hides and could be identified in the hides or in
early stages of the tanning process. The looseness test, that of folding leather grain-in to
observe the size of the creases, is not able to detect looseness precursors in unprocessed
hides or early stages of leather processing. However, if looseness in leather results from

structural characteristics of the hide, then it should be possible to identify these structural
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characteristics by other means. Here we attempt to identify looseness prior to the leather

stage using ultrasonic imaging.

METHODS

Sample selection

A range of hides were selected from the lime-splitting machine at Tasman Tanning Ltd (New
Zealand) with the intention to collect some that might turn out to be loose and some that
might be tight. There was no way to accurately determine which hides would turn out loose,
however some that appeared to have more draw were chosen as being likely candidates.
The selection that was hoped to contain some loose and some tight hides was subsequently

processed in the LASRA pilot tannery as detailed below.

Leather preparation

The hide used for measurements in this study was obtained part-processed from a
production run of hides at a local tannery. The hides weighed around 35 kg and have been
green fleshed and processed using a conventional recipe. This recipe is based on sodium
sulphide, sodium hydrosulphide and lime to both depilate and open-up the structure to allow
the removal on non-collagenous proteins in drums of 4 m diameter by 3.8 m wide, which are
loaded with approximately 8500 kg of hides at a time. The rotational speed provided a
sample acceleration of 0.179 ms? during the liming stage and 0.716 ms™ during washing.
Hides are taken from the processing drums after 8 h liming. The lime splitter operated at a
splitting thickness of 3.5-4.0 mm. Hides were observed passing through the splitter, and
hides selected at this stage which displayed more “draw” across the shoulder and flanks than
others in the batch. The selected hides were returned to LASRA for onward processing in the
LASRA pilot tannery to leather using a conventional recipe for shoe leather production. The
next day the horsed-up leather was sammed and set to achieve a moisture content of 65 %
and toggle dried at 40 °C on a tunnel drier until dry in all regions. The leathers were
conditioned heavily with water on the flesh-side and held in this condition for 24 h. The next
day moisture measurements were taken to ensure a moisture content of 14 — 16 % in all

areas prior to Molissa staking on settings of 4 and 5.
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From the leather, samples showing looseness were taken from the shoulder region, just
above the axilla, with tight samples cut from adjacent areas outside of the affected region.
The results presented here are from only one hide. However, other leather samples were

analysed which provided results consistent with those reported here.

Looseness evaluation

Looseness was evaluated using the standard break test method (89), which involves folding
the leather grain side in, and quantifying the wrinkles. Samples were considered tight if they

gave a break of 2 or less and loose if they had a break of 4 or more.

Ultrasonic imaging

Ultrasonic images of the leather were recorded with a Dermascan C USB instrument (Cortex
Technologies, Denmark). A 20 MHz 2D-scanning head was used to carry out scanning at 6-8
frames per second over a distance of 12.1 mm in 224 steps. The scanning head contains an
internal water chamber to minimize attenuation of the acoustic signal. To further improve
image quality, scanning was carried out under water once the leather had been soaked in
water for at least 24 h. The sound velocity in leather was calibrated from the time of signal
reflection and found to be 2561 (o = 99) m/s. The bandwidth is 0.75, which resulted in an
axial resolution of 97 ym (60 um at 1580 m/s). The lateral resolution is around 150 ym. The
focal point sits at a depth of 13 mm from the ultrasonic transducer face, which allows for the
distance from the transducer (through the water-filled chamber) to the barrier membrane and
through the water film on the leather, such that the focal point falls approximately within the
leather sample. The transducer gain level and gain profile were used to adjust the
amplification of the signal. Setting the amplification correctly reduces attenuation, allowing for
better signal penetration and image quality. The 20 MHz probe transmits ultrasound with a
peak intensity of 0.19 W/mm? A custom gain profile was created for use on leather with a
minimum intensity of 21 dB at the leather grain surface, increasing to a maximum intensity of
42 dB at the corium.

The ultrasonic data can be displayed in what is conventionally called an A-scan or a B-scan.

An A-scan is a line scan that represents depth information from one point on the surface of
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the leather; a B-scan is a two dimensional image that represents a cross-sectional area of
leather (and is composed of a large number of A-scans, but displayed using colour for

intensity).

Scanning electron microscopy

Small samples were fixed for 8 h at room temperature in a modified Karnovsky’s fixative,
containing 30 g kg™ gluteraldehyde, 20 g kg™ formaldehyde in phosphate buffer (0.1M, pH
7.2) then washed in phosphate buffer (0.1M, pH 7.2) followed by dehydration in a graded
ethanol series. The samples were finally washed for 1 h in pure ethanol and critical-point
dried in liquid CO, and pure ethanol (intermediary), using the Polaron E3000 series Il critical
point drying apparatus. The samples were mounted on to aluminium stubs and sputter-
coated with gold (Baltec SCD 050 sputter coater) and viewed in the FEI Quanta 200

Environmental Scanning Electron Microscope (SEM) at an accelerating voltage of 20 kV.

RESULTS

Sample selection

A selection of samples of loose and tight leather were successfully made with materials from
the pickle and wet blue stages for each of these retained for testing. The leather resulting

from these had a break of 2 for the tight leather and 5 for the loose leather.

Ultrasonic images

The ultrasonic imaging of different stages during the processing of leather was able to clearly
show differences between the loose and tight leather at each stage of the process (Fig. 2.1).
The images display the intensity of the reflected ultrasonic signal. Reflection occurs at
interfaces between areas of high and low density so that the signal can be a measure of the
number of these interfaces. Therefore an area of very uniform (at the scale of the wavelength

of the ultrasound) high density or very uniform low density should both show as black or
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green on these images. However, leather is not uniform at the scale of the ultrasonic
wavelength used so that regions of a high density of collagen fibres contain many interfaces
and display as high intensity colour scale (white) while regions of low density show as black

or green.

In the tight leather the grain is uniformly more dense than the corium and grades gradually to
less dense material. In contrast, in loose leather the top surface of the grain looks dense
(high intensity ultrasonic reflections) but there is a region about 0.5 mm below the top of the
grain that is less dense (lower intensity ultrasonic reflections) followed by a denser region
below this layer towards the corium. In the tight wet blue material there is a gradation of
density from higher density towards the top of the grain. In the loose wet blue there is a more
uniform density through the leather. In the tight pickle the hide has dense top grain surface
with a gradation of decreasing density deeper into the hide, whereas in the loose pickle there
is a low density layer at the grain surface with a more dense region about 0.5 mm below the

grain.
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FIGURE 2.1: ULTRASONIC IMAGES (B-SCANS) OF A, TIGHT PICKLE, B, LOOSE PICKLE, C,
TIGHT WET BLUE, D, LOOSE WET BLUE, E, TIGHT LEATHER, F, LOOSE LEATHER. THE GRAIN IS
ON THE LEFT, CORIUM ON THE RIGHT. SCALE BAR IS 0.5 MM. THE COLOUR SCALE
REPRESENTS SIGNAL INTENSITY FROM BLACK (MINIMUM INTENSITY) TO WHITE (MAXIMUM
INTENSITY).

From the ultrasonic images it is possible to measure the proportion of the leather that
consists of lower density regions. To do this, the “B-scan measure” software feature of the
Dermascan was used. A region of interest was selected, and for this a rectangular band
0.378 mm thick was chosen containing the grain or the top part of the grain. The proportion
of pixels that were in the intensity range 0-20 (where the total range is 0-255 so that 20
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represents 7.8%), under the measurement conditions used for all the samples, was

measured (Fig. 2.2).

The portion of the grain that gives low intensity ultrasonic reflections, representing regions of
low density, can be quantified as a percentage of the total area selected. From these
measurements the differences between tight and loose leather can be represented as a ratio
of this low density region (Table 2). The loose leather contains 2—4 times the amount of low
density area than the tight leather and this is at least as apparent in the pickle and wet blue

stages of processing as it is in the leather. These differences are statistically significant.

FIGURE 2.2: DISPLAY OF THE PORTION WITH INTENSITY BELOW 7.8% OF THE MAXIMUM
INTENSITY OF REFLECTED ULTRASONIC SIGNAL (IN RED) FOR A SELECTED REGION 0.378 MM
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WIDE (DEFINED BY THE WHITE LINE) AT THE GRAIN. A, TIGHT PICKLE, B, LOOSE PICKLE, C,
TIGHT WET BLUE, D, LOOSE WET BLUE, E, TIGHT LEATHER, F, LOOSE LEATHER. THESE ARE
THE SAME DATASETS AS IN FIGURE. 2.1.

Table 2. Percentage of the area in the selected region that has low intensity ultrasonic

reflection (0-20 / 255). Averages are from the analysis of 8—13 images.

Sample type Tight Loose Ratio loose/tight | t-test for
difference
% area (o) % area (o)
t-stat, P
Pickle 20.6 (4.1) 38.0 (13) 1.8 -4.6, <0.0001
Wet blue 3.4 (1.0) 12.6 (2.2) 3.7 -12, <0.0001
Leather 5.3(1.4) 9.8 (2.7) 1.9 -4.7,0.0001

An alternative method of analysing the ultrasonic data is by using A-scans (single point depth

scans). By averaging a series of A-scans to give an average composition of a volume of

leather the differences between tight and loose leather are easily seen (Fig. 2.3) with a

marked dip in the reflected ultrasonic intensity in the loose leather below the grain surface.

The tight leather does not have a comparable drop in intensity in this region.

Intensity (arbitrary scale)
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FIGURE 2.3: A-SCANS OF TIGHT (SOLID LINE) AND LOOSE (DASHED LINE) LEATHER. EACH
PLOT IS AN AVERAGE OF 20 SCANS, REPRESENTING A TOTAL OF 1.0 MM MOVEMENT ACROSS
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THE SURFACE OF THE LEATHER. THESE ARE TAKEN FROM RECORDINGS SIMILAR TO, BUT NOT
IDENTICAL TO, THE IMAGES FROM FIGURE. 2.1 AND 2.2, E AND F.

FIGURE 2.4: SEM IMAGES OF CROSS SECTIONS OF TIGHT (A, B) AND LOOSE (C, D) LEATHER.
GRAIN IS AT THE TOP. THE ENLARGEMENTS (B, D) ARE NEAR THE GRAIN—CORIUM BOUNDARY..
SCALE BAR (A, C) 1 MM, (B, D) 400 MM.

Scanning electron microscopy

SEM was used to confirm the loose and tight internal structure of the leather used in this
work (Fig. 2.4). It is clear from these images that the tight leather has a compact structure in
both the grain and corium including at the grain-corium boundary (Fig. 2.4 a, b) whereas the

loose leather has fiber bundles that in the corium are not tightly packed together (Fig. 2.4 c,

d).
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DISCUSSION AND CONCLUSIONS

Looseness in leather is a structural defect that results from a poor connection within or
between leather layers, particularly in the lower grain region or the grain-corium boundary.
This is manifested as less closely packed collagen fibrils and is due to highly aligned
collagen fibrils within the loose leather (109). The more loosely packed and weakly bonded
grain of the loose leather, in comparison to tight leather, becomes separated during folding,

resulting in the symptoms of poor break or looseness.

The ultrasonic imaging on hides and wet blue show that there are differences between loose
and tight precursors present in these stages. These differences can be identified relatively
easily even at the pickle stage. At the pickle stage the differences in structure between the
loose and tight precursor hides is rather similar to the differences in the final leather with a
low density region in the loose precursor about 0.3 mm below the grain surface. This
indicates that looseness in leather is a direct result of the structure of the hide rather than
being formed by some deficiency of processing. At the wet blue stage, which is an
intermediate process stage between raw hide and leather there is still a distinctive difference
between tight and loose precursors. However this difference is manifested not by a gap
below the grain surface but by differences in the density distribution. The tight precursor wet
blue shows a higher density at the grain surface with the density gradually decreasing with
depth while the loose precursor shows a lower density at the grain surface and a fairly
uniform density throughout the rest of the material. The wet blue is a stage where a lot of
hides are traded and therefore identification of the propensity to looseness at this stage may

also have commercial utility.

We have shown that this tendency of loose leather to have a region of lower density below
the surface of the grain can be quantified by measuring the proportion of low density material
from the ultrasonic images. What is perhaps surprising is that this feature is apparent even in
the wet blue and pickle stages of the processed hide, with loose pickle and wet blue
containing 2—6 times the amount of low density area than the tight pickle or wet blue, with
these differences of the same order as in the leather. There is no published evidence that it
is possible for a leather maker to identify looseness visually in the pickle or wet blue, but the
features that lead to looseness, namely a less dense layer below the grain surface, which

results from a high alignment of the collagen fibrils (109), are present in these stages.

From this investigation into looseness through the leather process it is clear that the

tendency for looseness is an inherent property of the hide. At the pickle stage the density
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profile through a hide follows a similar pattern to that in leather and the differences between
tight and loose hides are preserved. In wet blue the hide is swollen so that the appearance of
the ultrasound images is rather different to the pickle and leather, however the quantification
of low density regions reveals a similar structural difference between loose and tight as in the

other stages.

The underlying cause of this low density region has been shown previously to be at least
partly attributable to the higher alignment of collagen fibrils in the grain region of loose
leather, leading to poorer interlayer connections of the collagen fibre structure, and therefore
a tendency to come apart in this region (109) even though this may result in greater strength
in the leather (74, 108-110).

Ultrasonic imaging is a non-destructive technique so this method could be used for hide
selection, with those hides that have inherent looseness being diverted to other lower value
process streams. This could save around 5% of processing costs in a typical New Zealand

tannery for bovine leather and probably similar amounts in other countries.

We have not investigated whether these tests could be conducted while the hide is still on

the living animal, and this would be an interesting avenue for further investigation.

This work also does not answer the question of why some animals have hide that results in
loose leather. This could be due, for example, to breed, sex, age, condition, or maybe even
sun exposure. This is the subject of another study that is running in parallel to the work

reported here.
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Chapter 3: A Small Angle X-ray Scattering Study of the Structure and

Development of Looseness in Bovine Hides and Leather

Chapter 3 has preliminary acceptance for publication in the Journal of the Science of

Agriculture and Food.

- H. C. Wells, G. Holmes, J. U-Ser, W. Wei-Ru, N. Kirby, A. Hawley, S. Mudie, R. G.
Haverkamp. “A Small Angle X-ray Scattering Study of the Structure and Development of
Looseness in Bovine Hides and Leather” (2016) J. Sci. Agri.Food.

Gap Regions

ABSTRACT

Some bovine hides produce poor quality leather, known as loose leather. The mechanism by
which looseness develops and the structural characteristics of hides and intermediate
processed stages that lead to loose leather are not well understood. Here, synchrotron-
based small angle X-ray scattering (SAXS) is used to investigate the collagen fibril
orientation at different stages of processing, from hide through to leather, that result in both
tight and loose leathers. Tight leather of a relatively isotropic fibril density has a lower
orientation index (OIl) than loose leather of a more pronounced stratified fibril density;
conversely, tight pickled hide and wet blue have a higher Ol than loose pickled hide and wet
blue. There is a greater increase in Ol on processing from pickled hide to leather for loose
material than for tight. The differences in Ol are due largely to different hide thickness

changes during processing. From fresh hide, there is a greater increase in hide thickness
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prior to pickling for loose hide than tight, followed by a greater decrease at the leather stage.
The collagen fibrils in loose leather and wet blue more readily orient under stress than do
those in tight. Loose leather has a more pronounced layered structure than tight leather but
this difference is not apparent from SAXS measurements of hide prior to the leather stage; it
develops during processing. The greater swelling of the loose hide during processing
disrupts the network structure and leads to a more highly layered collagen structure on

shrinking at the final dry stage.
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INTRODUCTION

“Looseness” is the term used in the leather industry for a defect that results in a greatly
reduced value for leather. It causes wrinkles and creases in the finished product and may be
present in 5-10% of finished bovine leather hides (6). The loss to the New Zealand bovine
leather industry alone is estimated at $50 million per annum. The measure of looseness is
known as the “break” and is defined in an ASTM standard (89) where a course break (high
number) is a loose (poor quality) material. Looseness may also develop in leather produced

from the skins of other animals.

Relatively recent research found that in loose leather, the grain layer tends to be separated
into sheet-like structures and that there are larger gaps between the collagen fibers than in
tight leather (90). A weak layer exists in the lower grain layer or at the grain—corium
boundary, allowing the surface grain to partially detach and, therefore, wrinkle when bent
inwards (towards the grain) (109, 111). “Tight leather” is the term applied to leather that does

not have these deficiencies.

It is possible to use ultrasonic imaging to identify looseness in leather (109). The
characteristic features in images of loose leather are also present in images of wet blue and
pickled hide that subsequently develop into loose leather even though looseness is not

apparent in these materials when subjected to the break test (112).

Small angle X-ray scattering (SAXS) studies of loose and tight leather support the idea that
in loose leather the collagen fibrils are more layered, exhibiting a higher orientation index
(Ol) than in tight leather when the Ol is measured with the X-rays edge-on to the leather
(109). SAXS has been shown to be valuable in improving our understanding of the structure
of leather and its relation to other physical properties such as tear strength and response to
strain (74, 110, 113, 114). The overall goal of this work is to determine how looseness
develops during the processing of bovine hides to leather. SAXS was used to monitor
collagen fibril arrangement during various stages of processing, and for comparing hides that
developed into loose and tight leathers. One specific aim was to ascertain whether
looseness is an inherent property of a hide and, if not, to what extent it results from
processing. Another aim was to investigate why looseness is not detectable in a break test
during the early stages of processing and is obvious only at the final leather stage. This work
also looked at how the collagen fibril structure of loose and tight leathers and partially
processed hides responded to strain, using a similar approach to that in studies of other

leather and collagen-based materials (Basil-Jones et al. 2012; Wells et al. 2015c) to address
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the question: is there a difference in the behavior under strain that may partially explain

separation of the grain?

METHODS

Sample selection

A range of hides was selected from the lime-splitting machine at a local tannery, Tasman
Tanning Ltd (New Zealand), with the intention that some might become loose and some tight
leathers. As mentioned above, it is not possible to accurately pre-determine whether a hide
will develop looseness; however, some hides that appeared to have more draw were

considered to be likely candidates and were included.

Leather preparation

At the time of selection, the hides were part-processed (from a production run). Each hide
weighed c. 35 kg and had been green fleshed and processed using a conventional recipe.
This recipe is based on sodium sulphide, sodium hydrosulphide and lime to both depilate
and open-up the structure to allow the removal on non-collagenous proteins. Processing
involved loading c. 8500 kg of hides at a time into drums of 4 m diameter by 3.8 m wide,
which were rotated at 0.0179 g (units of radial acceleration) during the liming stage and
0.0716 g during washing. Hides were taken from the drums after 8 h of liming and returned
to LASRA for onward processing in its pilot tannery to leather using a conventional recipe for
shoe leather production. The next day, the horsed-up leather was sammed and sett to
achieve a moisture content of 650 g kg™ and toggle dried at 40 °C on a tunnel drier until dry
in all regions. The leathers were conditioned heavily with water on the flesh side and held in
this condition for 24 h. The next day, moisture was measured to ensure a moisture content of

140-160 g kg™ in all areas prior to Molissa staking on settings of 4 and 5.

From the leather, samples showing looseness were taken from the shoulder region, just
above the axilla, which is the region normally most prone to looseness, and tight samples
were cut from areas adjacent to the affected region. The results presented here are from

three hides processed through to leather.

Standard test of looseness.

H. Wells 94



Looseness was evaluated using the standard break test method (89), which involves folding
the leather grain side in, and quantifying the wrinkles. Samples were considered tight if break

was < 2 and loose break was >4.

Thickness assessment

A sample’s thickness was measured using calipers closed to a light pressure with minimal
compression of the leather or hide. Because the range of samples prepared for SAXS did not
include initial fresh hides and subsequent interpretation of the SAXS results revealed that the
thickness changes from fresh hide stages are important, a separate batch of hides was
processed from fresh through to leather with thickness recorded at each stage. In this
separate batch, splitting did not occur so that data for each stage was derived from the full-
thickness raw hide, whereas for the SAXS samples, splitting occurred post liming. One
limitation of the “unsplit” hides was that the tanning chemicals might not have penetrated to

the center of the hide’s thickness.

SAXS measurement

To prepare the samples for SAXS, 1-2 mm thick strips of loose and tight leather, at the wet-
blue and pickle stages, were cut. For the static tissue analyses, the samples were mounted
edge-on to the incoming X-rays. Diffraction patterns were recorded every 0.2 mm, with the
samples being analyzed from the grain to the corium. For the SAXS analyses of samples
under strain, each 1-2 x 33 mm strip was mounted on a purpose-built frame attached to a
linear motor, Linmot PS01 48 x 240/30 x 180-C (NTI AG, Switzerland) (see (114). Clamps
fitted between the motor and a L6D OIML single-point load cell (Hangzhou Wanto Precision
Technology Co., Zhejiang, China) held the samples. The samples were mounted without
tension and stretched in 1 mm increments until the slack was taken up and tension was just
registered by the load cell. This was the starting point for each analysis. An initial diffraction
pattern was recorded, and the sample was stretched in 1 mm increments until it failed. After
each extension the sample was allowed to stabilize for 1 min before the diffraction pattern

was recorded.

Diffraction patterns were recorded on the SAXS/WAXS beam line at the Australian
Synchrotron and the X-ray Nano-probe beamline at the National Synchrotron Radiation
Research Centre (NSRRC) in Taiwan, which have similarly configured beamlines. The
Australian beamline uses a high-intensity undulator source from which an X-ray energy of 12

keV was used. An energy resolution of 10 (e.g., 1 x10™ for 1 radiation) was used from a
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cyro-cooled Si(lll) double-crystal monochromator with a beam size of 250 x 80 ym (FWHM
focused at the sample), and a total photon flux of about 2 x 10" phs™. A Pilatus 1 M detector
with an active area of 170 x 170 mm was used with a sample-to-detector distance of 3371
mm. The 23A SWAXS beamline of the Taiwan Light Source provides an energy range of 5—
23 keV. A 12 keV beam was used for the leather samples, with an energy resolution (1.2—
1.8) x 102 from a double-multilayer crystal monochromator for a flux of 2.8 x 10" ph s™.
With a beam size 0.25 mm dia. and a Pilatus 1 MF detector was used for data collection,
with an exposure time of 1-2 s. Diffraction patterns for the unstrained and strained samples
of pickle, wet-blue and dry (leather) were recorded on the Australian Synchrotron and
diffraction patterns of a separate set of unstrained and strained samples of loose and control
leather were recorded on the NSRRC SWAXS beamline. Representative examples of
diffraction patterns of the leather samples are presented in Fig 3.1.

FIGURE 3.1: REPRESENTATIVE SCATTERING PATTERNS OF A) POORLY ALIGNED LEATHER
WITH A LOW OI, B) LEATHER UNDER TENSION AND THEREFORE HIGHLY ALIGNED WITH A HIGH
Ol. 76x34 MM (300 X 300 DPI).

SAXS data were analysed using the SAXS15ID software. d-spacing of the collagen fibrils
was found by integrating the intensity plots from the azimuthal range of 45° to 135°, fitting a
Gaussian curve to the 6™ order diffraction peak and determining the position of the centre of

the curve. The orientation index (Ol) is defined by

90° — 0A

0l =
90°
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where OA (orientation angle) is the minimum azimuthal angle range centred around 180°,
that contains 50% of the collagen fibrils, based on the method of Sacks for light scattering
but converted to an index(74) using the spread in azimuthal angle of d-spacing diffraction
peaks. The Ol is a measure of spread of collagen fibril orientation in a sample, where an Ol
of 1 indicates the fibrils are parallel to each other and an Ol of 0 indicates the fibrils are

randomly oriented.

RESULTS
Sample selection
Sample selection was successful, with both loose and tight leather being included in testing,
according to data from break testing of the samples at the leather stage (break = 2 for tight
leather; break = 5 for loose leather).
Thickness
The hide thickness data (Table 3) revealed that as it passes from the pickled to the wet-blue
stage, a hide swells, and that loose leather swelled more (132%) than did tight leather (42%).

By contrasts, from the wet-blue to leather stage, a hide shrinks in thickness, more so for
loose leather (20%) than for tight (5%).

Table 3. Thickness of materials at different process stages. Average of two hides each.

Process stage Tight (OSP) Loose (lower

axilla)
Thickness (mm)

Thickness (mm)

‘Raw 410 2.40
Pickle 3.83 1.85
Wet blue 4.23 2.31
Wet leather 5.43 4.30
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Dry leather 5.15 3.43

Orientation index through sample cross sections

Average collagen fibril Ol for each sample type (Table 4) was derived from measurements
along two or three cross sections of each sample type (Fig. 3.2). There is good consistency
between the replicates. Leather had the highest Ol (fibrils were the most highly oriented)
while wet blue had the lowest Ol, with pickled hide with an Ol just a little higher than the wet
blue. Loose leather had an average Ol higher than tight leather and this was especially
evident in the central and corium regions. However, the same Ol relationship between tight
and loose material was not apparent in the wet blue and pickled hide; rather, the opposite
relationship was observed. The cross sections revealed a region of very low Ol in the corium
for loose wet blue, in contrast to loose leather, and the loose pickled hide had a lower Ol

than the tight pickled hide across much of the thickness.

Table 4. Average Ol measured edge-on at different stages, n = 18-41 (P < 0.003 for a = 0.05

in all comparisons between loose and tight).

Average Ol Pickle Wet blue Leather
Loose 0.31 0.30 0.61
Tight 0.45 0.38 0.54
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FIGURE 3.2: SAXS Ol DATA FROM CROSS SECTIONS OF LOOSE AND TIGHT HIDE AND
LEATHERS. A) TIGHT PICKLED HIDE; B) LOOSE PICKLED HIDE; C) TIGHT WET BLUE; D) LOOSE
WET BLUE; E) TIGHT LEATHER; F) LOOSE LEATHER. THE TWO LINES IN EACH PLOT REPRESENT
DUPLICATE MEASUREMENTS (AT DIFFERENT POSITIONS).

d-spacing through sample cross section
From the plots of data for collagen fibril d-spacing through cross sections (Fig. 3.3), it is

apparent that d-spacing decreased as hides went from the pickled to wet-blue stages and

decreased further to leather. The loose pickled hide had a significantly lower d-spacing than
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did tight pickle. There was no large variation in d-spacing with depth through the samples

and d-spacing and Ol were not correlated.
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FIGURE 3.3: D-SPACING MEASURED EDGE-ON THROUGH CROSS SECTIONS OF A) TIGHT
PICKLED HIDE; B) LOOSE PICKLED HIDE; C) TIGHT WET BLUE; D) LOOSE WET BLUE; E) TIGHT
LEATHER; F) LOOSE LEATHER. THE TWO LINES IN EACH PLOT REPRESENT DUPLICATE
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Changes in Ol and d-spacing with strain.

The Ol and d-spacing were determined for strained samples with the X-rays edge-on (Fig.

3.4) and with the X-rays normal to the surface (Fig. 3.5). Edge-on measurements indicate the
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degree of fibril layering while the normal-to-the-surface data give a measure of the

“‘weft/weave” nature of the fibrils as viewed looking down on a flat surface.
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Measured edge-on, the fibrils of the loose wet blue and leather oriented more readily than

those of tight materials on stretching (Fig. 3.4); measurements normal to the surface did not
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exhibit this pattern (Fig. 3.5). This difference shows that in loose leather and wet blue, the

collagen formed into parallel layers on stretching more than it did in tight leather. However,

pickled hide did not behave this way.
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Measured normal to the surface, the Ol changes on stretching of loose and tight materials

were similar. Pickled hide and wet blue underwent a large change in Ol and became highly

H. Wells

102



oriented (0.8-0.9) while leather, which also underwent a large change in Ol, reached an Ol

of only c. 0.7, having started from a lower initial value.

The d-spacing changes in leather were similar for tight and loose leathers measured edge-
on, but the changes were greater in tight than loose leather in normal measurements. For
wet blue measured both edge-on and normal, the d-spacing changed less in tight than in
loose, but this was reversed in all the data for pickled leather. Since d-spacing changes
indicate the stress experienced by individual collagen fibrils in a leather, acting as an internal
stress or strain gauge (101, 115), the d-spacing data suggest that individual fibrils undergo
greater strain in tight compared to loose in leather examined in the weft/weave dimension
and in pickled hide examined in any dimension. Only in wet blue did fibrils of loose samples

undergo increased strain compared to tight samples (in any dimension).

DISCUSSION

The goal of this work is to further our understanding of the structural basis of looseness in
bovine leather and how it develops as hides are processed from raw hide to leather. Using
this knowledge, it might be possible to develop processing strategies that minimize the

likelihood of looseness developing.

The degree of collagen fibril orientation changed as hides were processed to leather, and the
thinnest material, leather, had the highest OI, measured with the X-rays edge-on. This has
been described previously (116) and can be modeled by considering a sample of leather
containing a fiber that expands uniformly in thickness (from original thickness T, to new
thickness T,), and its 8, from the base changes to a new angle 6,, depending on the change

in thickness (eqn. 1):

0, = tan‘li_Tr—ztan HlJ (1)

1

Where 6 is the angle of fibrils relative to the base. From equation 1, the change in Ol can be

calculated since Ol is related to orientation angle, OA, by the relationship (2):
90-0A
=T A 2
90 )

The change in Ol resulting from a change in thickness (where Ol, is for T, and Ol is for T)

Ol

is obtained by substituting OA for 8, in egn 1 to give eqn 3:
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4 T
Ol, =tan 1{%tan [90(1—OI1)]J (3)

1

While the loose pickled hide and loose wet blue had a lower Ol than the tight material at the
same stages, leather had a higher Ol in the loose leather because of the greater change in
thickness it underwent compared to tight leather. This change, when corrected for eqn 3,
does not account well for the higher Ol of the final dry (Table 5). Therefore, some other

mechanism is acting to increase the fibril Ol between the wet-blue and the dry stages.

Table 5. Ol corrected for changes in thickness and dryness.

Ol as measured Ol, thickness corrected*
stage (relative to pickled hide OI)
Tight:

Pickled hide  3.83 0.45 0.45
Wet blue 4.23 0.38 0.41
Dry leather 5.15 0.54 0.63
Loose:

Pickled hide  1.85 0.31 0.31
Wet blue 2.31 0.30 0.36
Dry leather 3.43 0.61 0.77

* “Thickness corrected” means what the Ol would be had thickness not changed.

One possible additional contributor to the changes in fibril orientation could be the cross
linking between collagen fibrils. It is believed that collagen cross links are responsible for
mechanically coupling fibrils to restrict fibril sliding (117) and collagen cross links can affect
fibril orientation in some collagen-based materials (Kayed et al. 2015). However, the overall
effect of cross linking on collagen fibril structure has been shown to be only minor (22) and
so changes in cross linking are not significant enough to alone explain the structural

difference seen between loose and tight hides and leathers in this investigation.
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The change in thickness during processing between loose and tight materials can explain
both the development of looseness and some of the Ol differences. When a hide swells “too
much”, the connections between (virtual) layers of collagen fibrils in the hide are broken by
the physical expansion (Figure 3.6). From pickled hide to wet blue, swelling was found to
greater in loose material (132%) than in tight leather (42%). This greater swelling in the hides
that went on to develop looseness would be associated with a much greater destruction of
the inter-layer connections. It may be that there are also differences in swelling between
loose and tight with liming, but that was not measured here. The second consequence of the
greater swelling — the lower Ols observed in loose pickled hide and wet blue compared to
Ols of comparable tight material — reflects the fact that as hide swells, the collagen fibrils

become increasingly tilted out of the plane of the leather.

PICKLE WET BLUE LEATHER

L

Processing

TIGHT —> 5% i
Layers breaking apart Gap regions
¢ Processing
LOOSE P 132%
More swelling More shrinkage
= broken inter-layer connections = higher Ol. Gaps between layers of fibrils
and gaps between some layers from broken connections

FIGURE 3.6: ILLUSTRATION OF THE DIFFERENT BEHAVIOUR OF LOOSE AND TIGHT LEATHERS
DURING PROCESSING.

Once these inter-layer connections have been broken, during further processing of the hide
to leather, the hide shrinks and these layers are compressed back together. From wet-blue
to leather, the hide shrank more for loose leather (20%) than for tight leather (5%). The high
Ols at the leather stage indicate that the collagen was well oriented in these layers, and
there was little connection between the layers in the loose leather (Figure 3.6). (In tight
leather, the connections might be in the form of some fibrils traversing the layers or
branching of some fibrils.) The lack of connection between the layers in loose material

results in a weakness between the layers, which permits the layers to slide over each other,
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particularly near the lower part of the grain. Once the grain layer detaches from the corium, it
bunches up as it is bent inward on the grain side. This disconnection in the lower grain

region for loose leather is apparent in ultrasound imaging (109, 112).

These findings raise the question of why hides prone to looseness swell more than those
that yield tight leather. Two possibilities are that either loose hides have a pre-existing
weakness between layers so that there is less resistance to swelling (i.e. swelling is a result
of looseness) or that some other factor, such as a different affinity to water, perhaps as a
function of a different fat content, results in greater swelling and therefore looseness (i.e.

swelling is a cause of looseness).

A third possibility is that elasticity and shrinkage in the grain differ from those in the corium,
and that the differential shrinkage produces looseness. If the expansion and contraction was
in area (i.e. laterally) and was markedly different between these regions, it might force these
two layers to become disconnected, regardless of how well they were initially bonded to each
other. While here, only changes in hide thickness were measured, and were found to be
greater in the material that became loose, it is plausible that the lateral expansion, and
therefore grain—corium shear forces, would also be greater in material that becomes loose.
However, this is not necessarily consistent with the SAXS Ol data. Lateral expansion would
be expected to increase Ol while an expansion in thickness would decrease the OIl. As
discussed above, the Ol changes during processing can be largely attributed to thickness
changes, and the fractional change in thickness (up to 132%) is much greater than the
fractional change in area (not measured in this study but believed to be typically c. 2%). The
hypothesis of lateral shear causing looseness does not appear to be supported by the SAXS

analysis during strain of these materials.

The response of the processed hides to strain revealed some information on the structure of
these materials and the differences between material that develops into loose and tight
leathers. In pickled hide, the fibrils in loose material oriented with strain more readily than did
those in tight when measured with X-rays normal to the surface (but not measured with X-
rays edge-on to the hide). For the pickled hide, the d-spacing of tight material changed much
more than that of loose material when measured both edge-on and normal to the surface.
This behavior suggests that the tight pickled hide has a more constrained fibril network, with
stress developing on the fibrils but no movement resulting in reorientation; in loose material,
the network does not appear to be as constrained. This further suggests that the loose
pickled hide did not initially have or had already lost some of its connecting network structure

and was, therefore, destined to produce loose leather. Alternatively, it could be that in loose
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material (which was more swollen with water), the strain was taken up by water being

squeezed out rather than much movement of fibers.

In wet blue, loose material reoriented under strain more readily than tight material, again
suggesting that the fibrils of it had less network-like arrangement and so were less
constrained (because the network had been damaged by swelling). However, the greater d-
spacing changes of loose wet blue with increasing strain, measured both edge-on and
normal to the surface, compared to tight wet blue suggests that the collagen fibrils in loose
material experienced more stress for a given strain. This observation supports the idea that
swelling breaks the connections between layers; it is not consistent with pre-existing weak
connections between the layers causing swelling. The extra d-spacing increase shows that

extra force was required to break the inter-layer connections.

In the leather, the loose leather reoriented more readily under strain than did tight leather,
and the d-spacing changes were similar for the two types of leather when measured edge-
on, and larger for tight leather when measured normal to the surface. This suggests that a
collagen fibril network is more constrained in tight leather than in loose leather, hence

individual layers of collagen fibrils are freer to move or separate in the loose leather.

The interpretation of the observed behaviors of the materials under increasing strain, in
terms of the structural differences between loose and tight leather, is consistent with the

analyses of samples not under strain.

If looseness develops during processing from the excessive swelling of some hides, it may
be possible to alter processing strategies for these hides (if they could be identified at the
raw hide stage) to inhibit the swelling. This might then prevent the development of

looseness.

The material with more highly oriented fibrils that eventually exhibits looseness has been
shown elsewhere to in fact be stronger in the standard tear test (109). This strength is,
therefore, clearly not dependent on bonding or on a network structure between the layers but
rather on the number of collagen fibrils in the plane of the leather. This relationship is similar
to that found in studies of a large number of ovine and bovine leather samples (74) and a
range of different animal leathers (110). However, tear strength is only one consideration in
leather value; looseness degrades appearance and perhaps also serviceability, and

therefore also devalues leather.
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Chapter 4: Stabilising Chromium from Leather Waste in Biochar

Chapter 4 was published as an academic journal article in the Journal ACS Sustainable

Chemistry and Engineering:

- Wells, H. C,; Sizeland, K. H.; Edmonds, R. L.; Aitkenhead. W.; Kappen, P.; Glover, C;
Johannessen, B.; Haverkamp, R. G. (2014). “Stabilizing Chromium from Leather Waste
in Biochar.” ACS Sustainable Chem. Eng. 2: 1864-1870.

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 HCI for 15 hr and the leachate analysed for Cr to
confirm that Cr does not leach from char formed at or above 600 °C. The char is analysed by
XAS for chemical state and structure. XANES analysis shows that the leather and biochar

contain Cr as a mixture of Cr sulphate and Cr carbide, with the proportion of Cr as carbide
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increasing from 0% for fresh leather to 88% for char formed at 1000 °C. Modelling of the
EXAFS spectra show the atomic near-range structure is consistent with that of chromium
carbide for the high-temperature samples. Biochar produced from chrome 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.
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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 (88), 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 (118, 119) and

sites where Cr(VI) is present can require remediation (120).

Current and proposed leather disposal methods include: extraction of Cr before disposal
(121-123); disposal to wetlands for vegetation to absorb the Cr (124); production of other
reconstituted structural materials to bind the Cr in new products (125, 126); and heating
leather in an oxidizing environment to create a residue with soluble Cr (127, 128). Cr
contained in or on particulates from the burning of coal and biomass (in the presence of
oxygen) can produce Cr(VI) (129). Therefore, it is possible that burning leather may also

generate Cr (VI), which is undesirable.

We have proposed that the production of biochar, carbonized organic matter, from waste
leather may be a better alternative to other disposal methods (130). 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 CO,. Biochar also has the demonstrated benefit of improving
agricultural soil productivity (131). Carbonized leather has previously been considered as a
disposal option, with the suggestion of producing an activated carbon product for filtration
applications(132-134).

Ideally, a leather biochar product could be produced that does not leach Cr. Exposing leather
that has been “heat stabilised” in a non-oxidising environment to leaching indicates that the
material has a low solubility of Cr. Specifically, when leather was stabilised at 350 °C or
higher in a CO, environment, no soluble Cr is detected over a wide pH range in contrast to
untreated, chrome-tanned leather (132). It is also important that the Cr is resistant to
oxidation, since both Cr oxidation and reduction between the Cr(lll) and Cr(VI) couple (135)

can occur in soils, depending on the nature and condition of the soils, and other factors that
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control the redox environment. This has led to interest in the analysis of soils for the type of

Cr contamination present (136, 137).

The chemical nature of Cr in leather has been characterised: Cr sulphate is used during
tanning, and Cr bonds to the leather’s collagen (138, 139) 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 non-oxidising environment, the

chemical state of the Cr was not determined, despite some interest in doing so (132).

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 an 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

Leather

Standard, commercial chrome-tanned bovine leather was used for all experiments. Raw
hides were stripped of hair and limed by treating them with a mixture of sodium sulphide,
sodium hydrosulphide and lime, then bated by treatment with a pancreatic trypsin, followed
by tanning with basic Cr sulphate, then retanning with a mix of syntans and vegetable

tannins, followed finally by fat liquoring with a blend of sulphated natural fats.

Pyrolysis process

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).
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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 flushed with 5 volumes of nitrogen (99.999% pure). The lid
contains a non-return valve. The reactor was placed in a furnace and heated from ambient to
the desired temperature over 1 hr, held for 1 hr at temperature and cooled to 100°C over 3 hr
before being opened. No control over the atmosphere in the reactor vessel was attempted
other than the provision of the non-return 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 hr 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 (140). The leather or char is first ashed in air. The residue is then treated with an
oxidising acid (perchloric acid-sulphuric acid mix) 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.

Leaching of Chromium

Leachable chromium was measured with duplicate samples of char (5 g) leached in 100 mL
of 1 M HCI while shaken for 15 hours at room temperature. The char material produced was

finely ground prior to leaching. The Cr content of the aqueous HCI leachate was then
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assessed in duplicate with a Varian 220 SpectrAA using a standard industry test method
(141).

XAS Measurements

X-ray absorption spectra were recorded on the XAS beam line 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 focussing mirror (Rh coated). Higher harmonics were rejected using
these two mirrors and a flat harmonic rejection mirror (SiO,). For XAS scans, energy steps of
0.25 eV were employed in the XANES region using 1 s count per step whilst a step size of
0.035 A" was used in the EXAFS region to 14 A™ with count times up of 6 s per step. The
energy resolution was about 1 eV, and the photon flux was in the range 10" to 10" photons
s'. The X-ray beam was about 1.5 x 0.4 mm? 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 Cr,O; (Prolab), Cry(SO4);.xHO (BDH), Cry(S0O,)3.xH,0
(Chromosal B, Lanxess), Cr(CO)s (BDH), Cr;C, (Aldrich), and Cr(O,CsH;); (Aldrich) all
diluted with BN (Aldrich). Data processing was performed with ATHENA (142) and VIPER
(143).

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 colour

(perhaps Cr,O3) on the edge of some char that had formed near the outlet of the reactor
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suggesting that there was some ingress of oxygen near the outlet. These parts of the sample

were not used in the analysis.

Leachable Cr

We found that a small amount of Cr can be leached from leather that has not been heat

treated (Table 6), as has been reported previously (132). 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 6). 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 (132). We have therefore sought to

understand why Cr has much lower solubility from the charred leather.

Table 6. Initial chromium content and leachable chromium of leather and of biochar samples

produced under various heat treatments.

Sample Initial % Cr Leachable Cr, as % of initial
(SD) Cr
Leather 0.99 (0.01) 4.67
300 °C* 2.60 (0.02) 3.50
600 °C* 7.39 (0.04) 0.31
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. tFinely ground, from small reaction vessel.

XANES
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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 provides information on the bonding of the element of interest.
XANES is most often used in a comparative study between spectra of know 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 hrs). From
these measurements it was determined that beam damage is negligible under the conditions

that the samples are measured.

Normalized y u(E)

5980 6000 6020 6040 6060
E(eV)

FIGURE 4.1: XAS OF STANDARDS. CR METAL (====), CR3C; (== ==), CR(O2CsH7)35 (===),
CR,03 ( ), CRCOg¢ ( ), CR2(SO4)3 (==*).

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
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edge energy and the post-edge region (Figure 4.1). We were unable to analyze any Cr(VI)
compounds; however, reference spectra are available in the literature (136, 144, 145) 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(144, 146). The Cr in Cr;C, is seen to have an effective oxidation state
similar to that of Cr metal (Figure 1), and the charge on the Cr in Cr;C; is calculated to be
+0.33 (1). We are 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 (144, 145). The feature arises
from non-local dipole transitions in Cr(VI) compounds, which are tetrahedrally coordinated

(147-149)). None of the samples showed this pre-edge feature.
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FIGURE 4.2: XANES OF DRY LEATHER (====) AND CR3(S04)3.XH,0 ( ).

XANES of Leather

The XANES spectrum of dried chrome leather is very similar to that of Cry(SQO4)3.xH,O

(Figure 4.2). This is the salt that is used in chrome tanning, so clearly some structural
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aspects of this salt are retained in the tanned leather. Detailed studies on this subject have

been reported previously (138, 139).

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 4.3). 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 °C and 800 °C is in the same
position as the peak from the Cr;C, 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.
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FIGURE 4.3: XANES OF LEATHER AND LEATHER BIOCHAR HEATED TO DIFFERENT
TEMPERATURES. LEATHER STANDARD ( ); HEATED IN THE LARGE VESSEL: 500°C (== =),
600°C (=====); HEATED IN THE SMALL VESSEL: 600°C (====), 800°C ( ), 1000°C (===n).

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 sulphate spectrum. The shape of the post-edge

spectrum changes consistently with heating.
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FIGURE 4.4: XANES OF STANDARDS TESTED FOR LINEAR COMBINATION FIT. CR,(SO4)3( ),
CR3C, (== ==), CR METAL (====), CR,O3 ( ).

XANES Linear Fits for Biochar

Using the Athena software (142), linear combination fitting to normalized xu(E) and to k’x(k)
were performed. Unconstrained linear combination fitting was attempted using the spectra
for Cry (SO4);3.xH20, Cr metal, Cr,O; and Cr;C, (Figure 4.4). Dry leather is substituted as a
proxy for the Cry (SO4);.xH,0 spectrum since Cr,(S0O,4);.xH,0 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 E,.
Best fits were obtained using only two components, dry leather (or Cry(SO,)3;.xH,O) and
Cr3C, (Figure 4.5). With an unconstrained fit also containing an initial component of Cr metal
or Cr,0O;, these components do not contribute to the fit. 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 7. Fitting to the kx(k)
spectra gives similar proportions of Cr;C, and Cry(SO,);.xH,0, as does fitting to the energy

spectra.
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FIGURE 4.5: XANES LINEAR COMBINATION FIT OF BIOCHAR PREPARED AT A) 500°C; B) 600°C;
C) 800°C; D) 1000°C. CR3C, ( ), DRY LEATHER (== ==), DATA ( ), FIT ().

Chromium Carbide Formation

Thermodynamic considerations suggest that under high carbon activity and low oxygen
activity (as in char formation), Cr metal or Cr carbide may form (150, 151). This occurs at log
Po> (in bar) below about -16, with the carbides formed at log ac (carbon activity) above about
-2.8 (Cr metal forms at lower ac) (150). In contrast, during oxy-fuel combustion of coal, Cr(lIl)
in the form of Cr silicate and iron chromite are the dominant species (152, 153). We do not
know exactly what conditions prevail in the char formation in our reaction vessels; however,
we expect Po, to be low and ac to be high, and therefore it is not surprising that Cr carbide is

found in the samples.

Table 7. Chemical components of linear combination fitting to the XAS energy spectrum.
Uncertainty in mol% Cr in Cr; (SO4)3.XH>0 and Cr3C; is around + 5 %.
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Cry(S04)3.xH,0 (Mol | CrsC, (mol % Cr) R factor (x10), »°
% Cr)
Biochar 500°C* 93 7 1.7, 0.027
Biochar 600°C* 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

*Larger reaction vessel.

Fine atmospheric particulates containing Cr, supposed to be from natural and industrial
sources, have been found to contain both Cr’ and Cr carbide using XANES (154), 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 (155). In a N, 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 (155). 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 Cr;C..

EXAFS of biochar for Structural Information

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. Data were processed using Viper
(143), and a Hanning window applied to the Fourier transforms. Theoretical ab initio EXAFS
spectra for pairs of atoms were calculated using FEFF6L (156), with crystal structures from
the ATOMS database (Centre for Advanced Radiation Sources, University of Chicago).
Modelling 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

H. Wells 120



with Viper (143). To validate the modelling of the EXAFS data, we used the spectrum of
Cr,03, which is a crystalline material with a relatively simpler structure than Cr;C,. 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 Cr;C, 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 carbides (1) notes that crystalline
CrsC, belongs to the space group pnma, with lattice parameters a = 5.485 A, b = 2.789 A
and ¢ = 11.474 A. Common phases that may form in Cr-based coatings include Cr;C,, Cr;Cs
and Cr,3Cq. Based on the enthalpies of formation, Cr;C, is the most stable of the Cr carbide
phases, followed by Cr;C,, with Cr,3Cg and Cr;C equal third (1). 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 Cr;C, is estimated at 15%, and is higher for the other Cr
carbides). The charge on Cr of Cr;C, is calculated to be Cr*®* (1). Bond lengths in these
compounds (1) and in Cr;C, and Cr doped diamond-like carbon (DLC) films obtained from
EXAFS (2) are detailed in Table 8. The bond distances measured in the leather biochar are
therefore similar to those reported for Cr carbide reported in the literature and to one

crystalline compound measured here.
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Table 8. Bond lengths in Cr carbide compounds reported from EXAFS in (1) (2).

Compound Radial distribution | Radial distribution | Source

peak peak

Cr-C (A) Cr-Cr (A)
CrC 2.12 2.58 Li et al., 2011
CrsC, 2.11 2.63 Li et al., 2011
Cr,Cs 2.14 2.58 Li et al., 2011
Cr3Cs 2.10 2.56 Li et al., 2011
Cr3Csy 2.2 2.7 Singh et al., 2006
Cr-DLC 2.17-2.25 2.75-2.79 Singh et al., 2006

4 6 8 10 12 14

1.0

-1.0

FIGURE 4.6: EXAFS OF BIOCHAR PRODUCED AT A) 800 °C; B) 1000 °C. CIRCLES K?X(K),
SOLID LINE FITTED MODEL.
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EXAFS of Biochar

There are numerous different atom—atom scattering path lengths in Cr carbide, some of
which are quite similar in size. Therefore, the EXAFS spectra of the biochar prepared at 800
°C and 1000 °C are 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 4.6). From the fits,
we obtain the bond distances shown in Table 9. These are like those listed in Table 8. The
char formed at 600 °C is too complex a mixture to enable reliable modelling of the EXAFS
spectrum. This EXAFS analysis supports the XANES interpretation and confirms that Cr

carbide is formed at higher temperatures.

Table 9. 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 (A), coordination | Cr-Cr (A), | Cr-Cr (A),
number coordination coordination number
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

Stability in the Soil Environment

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. As noted above, oxidation or reduction of some Cr compounds can
occur in soils, depending on redox environment of the soil (135). However, Cr carbide is a
very stable material, and is resistant to oxidation or reduction (157). The charcoal or biochar
matrix within which the Cr is contained is also known to be very stable in soils (158). The

addition of charcoal to soil enhances the agricultural productivity of the soil, for example in

H. Wells 123



the traditional terra preta soils from South America (159) but also in more recent studies of

soil productivity (131).

CONCLUSIONS

We have 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. We have also 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 environment. This strategy

may turn a large-scale, potentially troublesome waste into an economic resource.

H. Wells 124



Section B: Structural Characteristics of Collagen within

Biomaterials in Relation to Strength.

Chapter 5: Collagen Fibril Diameter and Leather Strength

Chapter 5 has been published as an academic journal article in the Journal of Agriculture

and Food Chemistry:

- Wells, H. C.; R. L.; Kirby, N.; Hawley, A.; Mudie, S. T.; Haverkamp, R. G. (2013).
"Collagen Fibril Diameter and Leather Strength." J. Agric. Food Chem. 61 (47), 11524-
11531.

ABSTRACT

The main structural component of leather and skin is collagen | in the form of strong fibrils.
Strength is an important property of leather and the way in which collagen contributes to the
strength is not fully understood. Synchrotron-based small angle X-ray scattering (SAXS) is
used to measure the collagen fibril diameter of leather from a range of animals, including
sheep and cattle, that had a range of tear strengths. SAXS data were fitted to a cylinder
model. Collagen fibril diameter and tear strength were found to be correlated in bovine
leather (r* = 0.59, P = 0.009), with stronger leather having thicker fibrils. There was no
correlation between orientation index, i.e. fibril alignment, and fibril diameter for this dataset.

Ovine leather showed no correlation between tear strength and fibril diameter. Neither was
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there a correlation across a selection of other animal leathers. The findings presented here
suggest that there may be a different structural motif in skin compared with tendon,

particularly ovine skin or leather, in which the diameter of the individual fibrils contributes less
to strength than does fibril alignment.
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INTRODUCTION

The fundamental structural motifs that result in strong leather and skin are complex and not
yet fully understood. For many high-value commercial applications, strong leather is
necessary. The skins from some animals such as cattle, kangaroo and goat generally
produce strong leather, while other animals including sheep produce weaker leather(98). In
order to develop methods to increase the strength of leather, especially that produced from
the inherently weaker animal skins, it is necessary to understand the skin and leather

structures that are characteristic of high strength material.

The main structural component of leather is type | collagen and this is primarily responsible
for skin and leather strength(160). Of the many factors contributing to the strength of natural
skin and finished leather, the three most important have been proposed to be: the type and
nature of cross-linking between the collagen fibrils; the orientation of the collagen fibrils; and
the fibril diameter. Skin and leather also contain keratins, type Il collagen and elastin, and

these may contribute to strength to a lesser degree.

Natural cross-linking of collagen is present in living skin and is also achieved in processed
leather using chromium, tannins or gluteraldehyde. Cross-linking would be expected to
mechanically couple the collagen fibrils and therefore increase their ability to transmit
force(17, 18, 117, 161-163) and also increase toughness by absorbing energy through
enthalpic changes(164, 165). While some researchers found that the tensile elastic modulus
of tendon is reduced when the content of the natural cross-linking component
glycosaminoglycan (GAG) is lowered(166), others have found no altered mechanical
properties in tendon from the removal of GAGs(167, 168). However, with synthetic cross-
linking of bovine pericardium by gluteraldehyde the material becomes stronger than

untreated tissue(169, 170), suggesting that cross-links are important for strength.

It has been widely reported that when fibrils are more highly aligned in the plane of the
leather, the material is stronger than otherwise(25, 98). The way in which collagen fibril
alignment would increase strength in collagen tissues has been accurately modeled in two
dimensions(171, 172). It has been shown that in two dimensions this model accurately
predicts observed behavior with fibrils which are more highly aligned in the plane of the
leather resulting in stronger material(25, 98). However one study has shown that, when tear
strength is used as a measure of strength, in the third dimension, the model does not give a

complete picture as less alignment could be preferable for stronger material(98).
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These two factors that affect material strength, collagen fibril orientation and cross-linking,

have been shown to be interdependent since cross-linking influences fibril alignment(173).

The contribution of collagen fibril diameter to strength is the subject of the work presented
here. Fibril diameter varies with strength, with several studies finding larger diameter
collagen fibrils 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(174). Similarly for mouse tendon, fibril diameters
increase with loading(175). In rats, those that exercised were active and lean, and had larger
diameter collagen fibrils with a bimodal diameter distribution, compared to inactive obese
rats. The mechanism proposed for this observation is the extra mechanical load placed on
the tendons on the exercising rats (due to their higher activity levels) stimulated fibril
thickening(176).

The size distribution of the fibril diameter may also 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(177). Growth of collagen in tissue culture has found that larger
fibril diameters are associated with a rise in strength(178). It has been proposed that at small
strain the smaller diameter fibrils prevent creep while at high strain, the larger diameter fibrils
provide higher tensile strength(177, 179). These ideas have been further developed with the
concept of the total absorbed energy providing tendon resilience and resistance to
rupture(179).

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, but this is associated with the decrease in
strength(180, 181).

Collagen fibril diameter has been measured with a range of techniques, each having
advantages and limitations. Transmission electron microscopy (TEM) has been used to
determine fibril diameters(182-184). However, this requires that a large number of individual
fibrils be measured(182) and the diameters obtained from the analysis depend on the
processing methods and the type of fixation used in sample preparation(185); the results of
TEM analysis need to be interpreted with caution. Atomic force microscopy (AFM) is another
microscopic method used for fibril diameter analysis(186, 187). It also requires a large

number of measurements to test for statistical significance but, unlike TEM, the environment
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is relatively easy to control and it does not require any fixing or chemical processing of the
sample.

In this study, fibril diameter was measured using small angle X-ray scattering (SAXS). This
method has been used to measure collagen fibril diameters in tendon (188). The key
advantage of SAXS is that it gives a size distribution for a large number of fibrils (the whole
analysis volume) with one measurement. This enables robust statistical analyses and
minimizes the sampling error and experimenter bias that may be present with techniques
such as TEM and AFM. Like in AFM, the samples require no fixing or specific chemical

processing prior to analysis, and some degree of environmental control may be possible.

There is a general consensus that larger fibril diameters result in stronger tendon and other
tissue. Our purpose in this study is to investigate whether collagen fibril diameter is
associated with strength in leather produced from bovine and ovine skins and to see if such

a relationship might be generalized to other animals.

METHODS

Ovine pelts were from 5-month-old, early season lambs of breeds with "black face" lambs,
which may include Suffolk, South Suffolk and Dorset Down. The bovine hides were from 2-3

year old cattle of a variety of breeds.

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/m?. 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
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, Shamrock, New Zealand) at 35 °C for 90 min then
washed. The skins were neutralized 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. These wet-blue pelts were neutralized in 1%

sodium formate and 0.15% sodium bicarbonate for 1 h then washed followed by retanning
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with 2% synthetic retanning agent (Tanicor PW, Clariant, Germany) and 3% vegetable
tanning (mimosa; Tanac, Brazil). Next, 6% mixed fat liquors were added and the leathers,
which were then maintained at 50 °C for 45 min, followed by fixing with 0.5% formic acid for

30 min, and finally by washing in cold water.

In addition, a single leather sample from each of crocodile, deer, elephant, goat, horse, pig,

possum, seal and water buffalo were similarly processed.

Thickness normalized tear strengths were measured for all samples using standard
methods(103). Samples were cut from the leather at the official sampling position
(OSP)(189) except for the “other animals” where the leather was taken from near the center
line. 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. Two groups were
selected from the ovine leather with one group consisting of low strength material and one
group of high strength material. The range of samples with strengths in between were not

analyzed further.

For scanning electron microscopy (SEM), samples were sputter coated with gold and imaged
using a 20 kV accelerating voltage. Images were recorded on a FElI Quanta 200 (FEl,
Eindhoven, The Netherlands).

Samples were prepared for SAXS analysis by cutting strips of leather of 1 x 30 mm. To
record the scattering patterns, each sample was mounted in the X-ray beam either with the
face of the leather normal the incoming X-rays or with the edge facing the X-ray beam. 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 normal to the surface of the
leather, samples were cut parallel to the surface, producing a grain sample and a corium
sample(57). 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 monochromator and the beam size (FWHM
focused at the sample) was 250 x 80 um, with a total photon flux of about 2 x 10'? ph/s.
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 initial data processing was
carried out using the SAXS15ID software(102).
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Fibril diameters were calculated from the SAXS data using the Irena software package(190)
running within Igor Pro. The data were fitted at the wave vector, Q, in the range of 0.01 —
0.04 A" 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. 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.

The orientation index, Ol, is defined as (90° — OA)/90°, where OA is the minimum azimuthal
angle range, centered at 180°, that contains 50% of the microfibrils(57, 191). An Ol of 1
represents perfect alignment, while an Ol of 0 represents perfect isotropy. We calculated the

Ol from the spread in azimuthal angle of the D-spacing peak at 0.059-0.060 A™". Each Ol

value presented here represents the average of 14—36 measurements of one sample.

RESULTS

SEM

Scanning electron microscopy images of ovine and bovine leather (Figure 5.1) show

collagen fibrils aligned and organized into fibril bundles (of around 5 — 10 um diameter).

H. Wells 131



FIGURE 5.1: SEM IMAGES OF A) BOVINE AND B) OVINE LEATHER, WITH THE ALIGNED
COLLAGEN FIBRILS VISIBLE AND ORGANIZED IN BUNDLES.
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SAXS patterns

The well-defined rings that were observed are due to diffraction from the D-banding structure
of the collagen fibrils and are most noticeable at high Q (Figure 5.2). Each ring can be seen
to be of variable intensity around the azimuthal angle. This variation in intensity is due the
alignment of the fibrils. The scattering at low Q, in the center of the pattern, provides the
information from which the fibril diameter is determined. The diffraction from the D-banding
and the scattering due to the fibril diameter are oriented at right angles to each other
because the D-banding occurs along the length of a fibril and the diameter is at right angles
to the length of the fibril. This can be seen to some extent in the raw diffraction images
(Figure 5.2) with the central region elongated vertically and the d-banding diffraction bands
aligned horizontally. Therefore it is possible to partially separate these two components of
the scattering pattern by using integrated scattering intensity versus Q information from
azimuthal segments at right angles to each other (Figure 5.3). With the fibril diameter
measurements, an azimuthal segment that was at right angles to the maximum D-banding
diffraction peaks was therefore used so that there is minimal interference to the scattering

due to fibril diameter by low order d-band diffraction.
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FIGURE 5.2: SAXS PATTERNS FOR A) OVINE AND B) BOVINE LEATHER, SHOWING THE REGION
OF THE PATTERNS SELECTED FOR FIBRIL DIAMETER ANALYSIS.
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Fibril diameter measurement

A good fit is achieved using the cylinder mode with an aspect ratio of 30 for both the bovine
and ovine data. The ovine and the bovine samples produce scattering profiles that are
qualitatively different with a straighter profile for bovine than for ovine. The average diameter
(with standard deviation) of collagen fibrils for ovine leather was 61.5 (48) nm and for bovine
leather 59.8 (21) nm, and these are statistically different (t = 4.6, P < 0.0001).

Fibril diameter and strength.
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AZIMUTHAL ANGLE RANGE WHERE THE D-SPACING DIFFRACTION PEAKS ARE MAXIMUM
(TYPICALLY A RANGE ¥ = —30 TO 30°) AND THE DASHED LINES AT RIGHT ANGLES TO THIS,
TYPICALLY ¥ =60 TO 120°. THE DATA SHOWN IN THE DASHED LINES REPRESENT THAT USED
FOR THE FIBRIL DIAMETER ANALYSIS.

The measured fibril diameters are plotted against strength for three datasets: ovine leather
(Figure 5.4a), bovine leather (Figure 5.4b) and leather of “other animals” which includes
crocodile, deer, elephant, goat, horse, pig, possum, seal and water buffalo (Figure 5.4c).
There is no correlation between strength and fibril diameter for the leather from sheep or the
“other animals”. However, for bovine leather, there is a statistically significant correlation
between fibril diameter and strength with stronger leather containing thicker fibrils (r* = 0.59,
P =0.009).

Fibril diameter and Ol

A strong correlation between leather strength and fibril orientation (Ol) has been reported
(25, 98) therefore we wished to see whether fibril diameter is correlated with Ol. Plots of fibril
diameter versus Ol for ovine and bovine leather (Figure 5.5) show no correlation between

these two structural aspects of leather.

DISCUSSION

Fibril diameter

The average diameter (with standard deviation) of collagen fibrils found here for ovine
leather of 61.5 (48) nm and for bovine leather of 59.8 (21) nm are similar to those found in
other studies. Fibril diameters reported for sheep included 65 nm diameter(192) (skin,
measured using TEM), 73 (20) nm (spine ligament, SAXS) and 69 (14) nm (spine ligament,
TEM)(188).
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FIGURE 5.4: COLLAGEN FIBRIL DIAMETER VERSUS TEAR STRENGTH FOR A) OVINE LEATHER,;
B) BOVINE LEATHER; C) A RANGE OF OTHER ANIMALS. BOVINE R? = 0.59, P = 0.009 (FOR
SLOPE); OVINE R? = 0.0077, P = 0.75 (FOR SLOPE); OTHER ANIMALS R? = 0.080, P = 0.46
(FOR SLOPE). EACH POINT IS THE AVERAGE VALUE FROM 12—20 DIFFRACTION PATTERNS.

Collagen fibrils produced in vitro from cow skin, measured with TEM, were found to have a
diameter of 67 nm(193). These studies also reported that collagen fibrils from sheep have a

slightly larger diameter than those from cattle, which is consistent with our findings.

However, other reports give quite different values for fibril diameters in skin and tendon:
202-204 nm in diameter (ovine tendon, TEM) (184) and 142-163nm in diameter (bovine
skin, TEM)(194). As mentioned in the Introduction, diameters determined by TEM can vary

greatly depending on the sample preparation procedures and fixation method (185).
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FIGURE 5.5: ORIENTATION INDEX VERSUS FIBRIL DIAMETER FOR A) OVINE AND B) BOVINE
LEATHER, SHOWING A LACK OF CORRELATION BETWEEN THESE PROPERTIES. OVINE R? =
0.011, P = 0.6747 (FOR SLOPE); BOVINE R* = 0.28, P = 0.22 (FOR SLOPE).

We find that in some parts of the cross sections (not shown) of some samples, particularly
the ovine leather, there is a bimodal distribution of fibril diameter. In these cases, we took the
modal size (which was the larger fibril diameter). The details of fibril diameter distribution
through the cross sections and in different species are complex and could benefit from
further study and analysis, particularly in light of the reported importance of a non-uniform

fibril size on strength in tendons(177, 179).
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Fibril diameter and strength

For bovine leather, collagen fibril diameter was correlated with strength (Figure 4b), and the
correlation was statistically significant (P = 0.009). This provides robust and quantitative
support of previous studies that relate fibril diameter to strength in a variety of tissues using
various methods used to measure fibril diameter and inferring strength. For example, human
aortic valves that, like skin, are composed largely of collagen I, show increased fibril
diameter when they have been exposed to high stress(174). In several studies of tendon,
which also consists largely of collagen |, mechanical loading, which is presumed to result in
increased strength, is found to lead to larger diameter collagen fibrils(175, 176). The
mechanism that results in larger fibril diameters providing higher strength has been
proposed: tendons with larger diameter fibrils have a greater ability to absorb energy and

thus are more resilient and resistant to rupture(179).

By contrast, no correlation was found between fibril diameter and tear strength in ovine
leather. It is known that the ovine leather has a less oriented structure than bovine leather
(and much less than tendon) and this contributes to its lower strength(25, 100). The lower Ol
suggests that any increase in alignment can have a significant effect on strength. This is in
contrast to the more aligned structure of bovine leather, suggesting that Ol as a determinant
of strength is dominant in ovine leather. The difference in the spread of age of the ovine and
bovine animals, as discussed later, could perhaps have contributed to these differences.
Other factors that may contribute and which were not explicitly considered in this study are

the breed, the condition of the animal and variations in processing conditions.

Comparison with tendon

One of the important differences between skin and tendon in the arrangement of collagen is
that the collagen fibrils are less aligned in skin than in tendon. The very strong relationship
between fibril alignment and strength in skin, if extended to tendon, could to a large extent
explain the high strength of tendon. In this study, the different degree of alignment between
collagen in tendon and leather suggests that small increases in alignment in skin have
significant consequences for strength, but are less important in the already highly aligned
tendon. Therefore, for tendon, where changes in fibril alignment are not significant, the effect

of fibril diameter on strength becomes dominant. In contrast, for skin and leather, the fibril
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alignment is much less than that in tendon; and changes in alignment, such as those found

between different skins dominate and changes in fibril diameter have less significance.

Inter-species comparisons

While we see that there is a correlation with fibril diameter within the bovine group of
samples, and there is not a correlation within ovine, we can also see that the relationship
between fibril diameter and strength does not extend to inter-species comparison (Figures
5.4a,b,c). Bovine leather is stronger yet ovine leather has the thicker fibrils. The strength
differences have previously been shown to relate to fibril orientation, which is different in the
two animals(25). The lack of correlation between fibril diameter and strength across species
leads us to conclude that fibril diameter comparisons are valid only within a species and not

between species.

Age

The age of the animal may also contribute to the skin strength, as it has been shown
previously that tendon strength and collagen fibril diameter increases with age (175, 177,
179); this may also apply to leather produced from skin. However, we did not explicitly factor
age into the experimental design. The ovine leather was from young animals (5 months old)
in a narrow age range (a few days) and the bovine leather was from older animals (2-3
years old) of a slighter broader age range of 1 year. It is possible that the broader age range
of animals supplying the bovine leather was a factor in the variation in observed strength and
the correlation with fibril diameter. It may therefore have contributed to the lack of correlation
between fibril diameter and strength in ovine leather in contrast to the correlation observed
for bovine leather. However, this is purely speculation and the effect of age on fibril diameter

and tear strength merits further investigation.

Cross-linking

Cross-linking in tendon and pericardium has been shown to affect structure(173) and
probably influence strength (166, 169, 170) although this is not universally agreed(167, 168).
Therefore, the amount or nature of cross-linking could influence strength in leather. Because

this cross-linking is between fibrils, fibril diameter might influence the amount and effect of
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the cross-linking and therefore the effect of cross-linking on strength. We did not explicitly

consider variations in cross-linking in our experimental design.

Other factors affecting fibril diameter

It might be expected that genetic and environmental factors may also contribute to fibril
diameter such as the breed of the animal and the condition of the animal (the amount of

fat(176), type of feed, level of exercise).

Orientation index and fibril diameter

It had previously been reported that there is a strong correlation between leather strength
and fibril orientation. (25, 98) It was therefore necessary to test whether the observed
correlation between fibril diameter and strength for bovine leather was merely due to a
correlation of fibril diameter with Ol rather than a causal relationship between diameter and
strength. We found that these two properties are not interdependent, with no correlation
found between the Ol and fibril diameter for bovine leather (Figure 5.5b). Therefore, we
cannot dismiss the correlation we have observed between fibril diameter and strength in

bovine leather as being simply a cross correlation with Ol.

Bundle size

Collagen fibrils form into bundles of several tens or hundreds (Figure 5.1). It would be
interesting to see if there was a relationship between fibril bundle size and strength. Just as a
highly braided, multi-strand rope has high strength compared with a loose collection of fibers,
well-defined and thick fibril bundles, held together with covalent cross links or multiple
hydrogen bonds or hydrophobic interactions, could have increased strength. We did not
collect data to sufficiently low Q to be able to confidently determine fibril bundle sizes, but we

are pursuing this with future studies.

Packing density

It has been suggested that fibril volume fraction could be a determinant for tissue

strength(195, 196). Two factors that may influence this are fibril diameter and fibril size
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distribution. It has been claimed that larger fibril diameters enable higher packing
densities(195) with one experimental observation on age series for mouse tendon weakly
supporting this(196). However geometric considerations indicate that the opposite should be
true(197) with the packing of circles in a circle resulting in a general increase in packing
density as the number of circles is increased (equivalent to smaller fibril cross sections in a
bundle). Fibril size alone leading to denser packing does not therefore provide an
explanation for the experimental observations reported here. However, if the collagen fibrils
are not of uniform diameter then increased packing density is possible and therefore the
volume fraction of collagen in a bundle increases(195, 196) and this could be expected to
influence strength. We have not investigated fibril packing density or different size
distributions in detail but the techniques reported here can be applied to study this further

and form part of the ongoing research program.

CONCLUSIONS

We studied the relationship between tear strength and fibril diameter in ovine and bovine
leather and leathers of a range of other animals. We found that there is a correlation
between strength and fibril diameter in the bovine leather. For ovine leather, however, we did
not find a correlation of fibril diameter with strength. In bovine leather, the collagen fibrils are
more aligned than in ovine skin, while tendon contains even more highly aligned fibrils. We
conclude that where the tissue contains highly aligned fibrils, the fibril diameter becomes a
significant determinant of strength. In tissues where the fibrils are not well aligned, the
influence of fibril alignment on strength is greater than that of fibril diameter. Therefore in
leather and skin, larger fibrils may lead to stronger material, but for weaker leathers, fibril
diameter is secondary to fibril alignment for strength. An inter-species assessment showed
that it is not possible to make inferences on strength from inter-specific comparisons of fibril
diameter. Tissues composed of collagen have complex structures with many different
aspects of the structure contributing to the mechanical properties. We have shown how one
aspect of this structure may contribute in some types of leather and that these principles may

be extended to other tissue types.
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Chapter 6: Poisson’s Ratio of Collagen Fibrils Measured by Small Angle
X-ray Scattering
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Chapter 6 has been published as an academic journal article in the Journal of Applied
Physics:

- H. C. Wells, K. H. Sizeland, H. R. Kayed, N. Kirby, A. Hawley, S. T. Mudie, R. G.
Haverkamp, “Poisson's Ratio of Collagen Fibrils Measured by Small Angle X-ray
Scattering of Strained Bovine Pericardium” (2015) J. Appl. Phys. 117 (4), 044701.

ABSTRACT

Type | 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 behaviour 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 extension, or the Poisson’s ratio, is
2.1 £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 properties of
collagen-based materials.
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INTRODUCTION

Type | collagen is a key structural material in animals. It is the main structural component of
skin and tendons. Type | collagen is also important in products made from animal skin, or
related tissues, such as leather and extracellular matrix scaffolds for surgical
applications(198, 199). Type Il collagen has a fairly similar fibril structure to type | collagen,
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 | and type Il
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 ratio. Poisson’s ratio, v, is the ratio of transverse strain AW/W
(where W is width of a cube or bar) to longitudinal strain AL/L (where L is the length of a
cube or bar) in the loading direction:
_@w/w)
AL/L

For isotropic materials, v > 0.5 is excluded on theoretical grounds however, fibrillar collagen
is anisotropic. When v > 0.5 for a material under tension, the volume decreases as the tissue
is strained. A wide range of values of v have been measured for type | and Il collagen
materials in compression and tension, with many of these giving v > 0.5. These include
tendon under compression(200) with v = 0.8, spinal dura mater under uniaxial tension v =
0.5-1.6 depending on the direction of the tissue section taken(201), bovine articular cartilage
in compression(202, 203) v = 0.15-0.20 and 0.16 measured by microindentation,(204) and
human patellar cartilage measured in tension(85) v = 0.6—1.9. The Poisson’s ratio in tendon
fascicles has been shown to increase with stress(86) up to v = 4 and in articular cartilage up

to v = 1.2 with increasing strain.(205)

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 influence on tissue strength.(99, 177) In
addition, proteoglycan connections between collagen fibrils in tendon subjected to tensile
stress have been suggested as contributing to the strength of the tissue.(165, 206)

Examination of individual collagen fibrils in rat tail tendon with atomic force microscopy can
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yield an estimate of the Poisson’s ratio measured in compression in a transverse
direction.(207, 208)

Modelling 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.(87) 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.(209) In leather, where there is very little crimp, the
reorientation of fibrils may be an important mechanism for absorbing strain.(19, 114) Here,
the behaviour of individual fibrils of collagen | as strain is applied is studied using small angle
X-ray scattering (SAXS) to simultaneously measure the fibril length extension 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.(108)
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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 x 6 mm, 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 buffered saline (PBS) (Lorne Laboratories
Ltd).(210) 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% gluteraldehyde 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. 6.1).

a3 NP At AR SLTIRAES IR

FIGURE 6.1: TRANSMISSION ELECTRON MICROSCOPY OF PERICARDIUM.

By
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A stretching apparatus was built as described previously.(114) A linear motor, Linmot PS01
48 x 240/30 x 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* (e.g., 1x10™* for 1 radiation) from a cryo-cooled Si(111) double-
crystal monochromator with a beam size (FWHM focused at the sample) of 25080 ym, and
a total photon flux of about 2x10" ph s™. A Pilatus 1M detector with an active area of
170x170mm 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.(102) 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 package(190)
running within Igor Pro. The data were fitted at the wave vector Q, in the range of 0.01—
0.04A" 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
“cylinder AR” 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.

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 azimuthal
range from 45° to 135°. The orientation index (Ol) is defined by

0I = (90° — 0A4)/90° (1)
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where OA (orientation angle) is the minimum azimuthal angle range that contains 50% of the
fibrils, based on the method of Sacks for light scattering(191) but converted to an index,(74)
using the spread in azimuthal angle of one or more d-spacing diffraction peaks. The Ol is
used to give a measure of the spread of fibril orientation (an Ol of 1 indicates the fibrils are

parallel to each other; 0 indicates the fibrils are randomly oriented).

RESULTS AND DISCUSSION

The integrated intensity plots show well-defined peaks corresponding to the collagen d-
period (Fig. 6.2). The odd numbered peaks have a much higher intensity than the even
numbered peaks, a characteristic attributed to a fully hydrated sample.(211) 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 stretching is shown in Fig. 6.3. The maximum strain obtained before rupture was 25%.
The time dependency of the stress-strain curve was not considered as it has been found not
to affect elastic properties(201) and the time between each data point was approximately

constant.
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FIGURE 6.2: REPRESENTATIVE INTEGRATED SCATTERING PATTERN OF PERICARDIUM. SOLID
LINE — AT AN AZIMUTHAL ANGLE SEGMENT CENTRED 90°, WHICH IS USED FOR ASSESSING D-
SPACING, DASHED LINE — AT AN AZIMUTHAL ANGLE SEGMENT CENTRED ON 0°, WHICH IS USED
FOR FIBRIL DIAMETER.
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There are two stages in the structural changes at the collagen 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
Ol. 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 Ol can be due to crimp. It is trivial to show

that the shape of the curve from which the Ol is derived, if the crimp takes a sinusoidal

shape, should have the form

I = Asin (¢) cos (o) (2)

where | 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 maintained, (212)

therefore we believe the change in Ol is largely due to fibril reorientation rather than

straightening of crimp.
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FIGURE 6.3: STRESS-STRAIN CURVE MEASURED ON PERICARDIUM DURING IN-SITU SAXS
MEASUREMENTS.

During the second stage of strain, there is no significant change in the Ol but the d-spacing
increases markedly (fibril length) and the fibril diameter decreases (Fig. 6.4). 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 diameter plateaus. From the unstrained

state to the maximum strain state, the d-spacing increases from 66.13 nm to 69.12 nm, a
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change of 2.99 nm or 4.5%. The Ol 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. 6.4). Fibril diameter decreases from 62.1
nm for the unstretched collagen to 55.4 nm at the maximum strain experienced (Fig. 6.4), 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.
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FIGURE 6.4: D-SPACING (LONG DASH, BLUE), FIBRIL DIAMETER (SHORT DASH, RED) AND Ol
(SOLID, GREEN) CHANGES WITH INCREASING STRAIN. LINES ARE A GUIDE FOR THE EYE ONLY.

During this second stage of strain, the change in d-spacing strain (fibril strain) is about 30%
of the whole tissue 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 scattering(212) and partly by the
tissue strain being transferred to inter-fibrillar sliding or rearrangement of the fibrils. By
contrast, in weak ovine leather (data taken from published work(114)), our calculations of
fibril strain versus leather strain give 10% d-spacing strain to whole tissue 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 second (linear) region of the

strain curve,(213) 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 v is defined for a cube, we correct the ratio by V11/2 to account for the approximately
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, V', can be calculated for a rod with diameter D by
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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 d-spacing and diameter gives v’ = 2.1 £ 0.7
(these values of v’ can be calculated from Fig. 6.4). The v’ > 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.(214) 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 Ol, that this Poisson’s ratio we
measure must be due largely to stretching of the fibrils and not to changes in crimp. A
straightening of crimp must result in an increase in Ol (as can be derived from the
relationship represented by (1)), and there was no large increase in Ol 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,(215) we
calculate v'=1.9 (tendon was stretched by 15%), similar to the value we find from our

measurements.

CONCLUSION

While it has previously been shown that bulk materials based on collagen may have v>0.5,
we have provided experimental evidence that the collagen fibrils also may have v’ >0.5.

Therefore, this property of collagen fibrils may contribute 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 exudation (216) although specific attempts to
measure this have not always shown water to be exuded (205, 217). We now demonstrate
that there could be 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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Chapter 7: Collagen Fibril Structure and Strength in Acellular Dermal

Matrix Materials of Bovine, Porcine and Human Origin

The work presented in Chapter 7 was supported by TEI Biosciences who provided samples
and the motivation for the work. The work was initially presented as a client report to TEI
Biosciences, and later turned into an academic journal article, published in the journal ACS

Biomaterials Science and Engineering:

- H. C. Wells, K. H. Sizeland, N. Kirby, A. Hawley, S. Mudie, R. G. Haverkamp “Collagen
Fibril Structure and Strength in Acellular Dermal Matrix Materials of Bovine, Porcine and
Human Origin” (2015) ACS Biomat. Sci. Eng. 1 (10), 1026-1038.

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/mm? for
bovine although higher in fetal material, 18 N/mm? for human and 21 N/mm? for porcine).
Structure is investigated with synchrotron-based small angle X-ray scattering (SAXS) for
collagen fibril orientation index (Ol) 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 Ol 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
(Ol 0.08), the porcine being strongly bimodal and rather highly oriented (Ol 0.61), the
neonatal bovine between these two extremes with a bimodal distribution tending towards
isotropic (Ol 0.14-0.21) and the fetal bovine material being bimodal and less isotropic than
neonatal (Ol 0.24). The Ol 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.
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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: be 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 materials(218) or produced by
decellurization of native materials. Extracellular matrix materials (ECM) derived from a wide
variety of tissues have been successfully used a scaffolds(219). ECM materials 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 | collagen(101, 220) and the tissue’s ability to respond to imposed
stresses(221). 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, Ol) has been investigated in the
cornea(222), heart valve tissue(223), pericardium(69, 108), bladder tissue(224), skin(225),
aorta(226), ovine forestomach derived scaffold materials(227) and leather made from animal
skins(113). The arrangement of collagen fibrils in most tissues is anisotropic due to the non-
uniform 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 Ol), the leather is stronger(25, 98), although Ol is
also affected by the swelling of the material(116). This relationship was observed in a large
sample of ovine and bovine skins, including bovine pericardium(108), and across seven
species of mammals over a large range of strength (factor of five). The relationship between
Ol 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(98).
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D-spacing in collagen varies with animal age(228, 229), animal species(98) and tissue
type(230), and the tissue’s chemical treatment including water and fat content(229, 231-234).
However, there does not appear to be a relationship between d-spacing and the strength of
leather(25, 98) or rat tail tendon(235).

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(174); in
mouse tendon, fibril diameter increases with loading(175); and in bovine leather, higher
strength material has larger fibril diameters(99). Fibril diameter may also increase with
age(177).

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

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* was obtained from a cryo-
cooled Si(111) double-crystal monochromator and the beam size (FWHM focused at the
sample) was 250 x 80 pym, with a total photon flux of about 2 x 10" ph.s™. All diffraction

patterns were recorded with an X-ray energy of 12 keV using a Pilatus 1M detector with an
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active area of 170 x 170 mm and a sample-to-detector distance of 3371 mm. Exposure time
for diffraction patterns was 1-5 s and initial data processing was carried out using

Scatterbrain software(102).

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) (Fig.
7.1). 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.

2D detector

sample containing

Incident
X-ray beam

Normal to

the surface

Edge-on to
the surface

FIGURE 7.1: EXPERIMENTAL SETUP FOR SAXS ANALYSIS.

Fibril Diameter
Fibril diameters were calculated from the SAXS data using the Irena software package(190)

running within Igor Pro. The data were fitted at the wave vector, Q, in the range of 0.01 —

0.04 A" and at an azimuthal angle which was 92.5° (over a 5° segment) to the long axis of
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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 centre of a Gaussian curve fitted to
the 5™ order diffraction peak taken from the integrated intensity from the azimuthal range
from 45° to 135°.

Orientation Index

The Ol is a quantification of the spread of microfibril orientation, with 1 indicating parallel
microfibrils and 0 indicating randomly oriented microfibrils. Ol is defined as (90° — OA)/90°,
where OA, the orientation angle, is the minimum azimuthal angle range that contains 50% of
the microfibrils(191) converted to an index(25), 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 verses
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 verses azimuthal angle plot, this method gives the same OA as when
the OA is calculated by summing the area starting at the centre of the peak(25). Another way
of describing this is that the OA for one peak is equivalent to 0.675 of the standard deviation
of a 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 Ol value would not give a good measure of anisotropy since it depends on

the separation of the two Gaussians. A more useful way would be to combine the two
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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 strength(103) and tensile strength(236) 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 hr 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 minutes in phosphate buffer (0.1 M, pH 7.2) before being dehydrated in a
graded series of ethanol washes (25%, 50%, 75%, 95%, 100%), each dehydration stage
being 10-15 minutes long, followed by a final 100% ethanol wash for 1 hour. Samples were
critical-point (CP) dried using the Polaron E3000 series Il critical point drying apparatus with
liquid CO, 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 20kV.

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 10. 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
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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(199).

Table 10. Tear test results for ADM materials.

Sample Thickness Force at | o (for force | Thickness-
(mm) rupture (N) | at rupture, [ normalized
N) 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 04 124 .2
Porcine 1.69 73.0 7.9 43.2
Human 1.01 79.5 5.9 79.0
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 11. In the bovine samples, strength increases
with thickness, however, the fetal material was the strongest on a thickness-normalized
basis. Although not presented here, a large number of measurements have been made 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(237).

Table 11. Tensile test results for ADM materials.

Sample Thickness* | Average o (for force | Cross section
(mm) Force at at rupture, | normalized
rupture (N) N) force at rupture
(N/mm?)
Bovine Fetal 0.97 3811 39.31
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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 >963% >23.7%
Porcine 1.57 328 7 21.0
Human 1.11 201 120 17.7

*Some of the thicknesses vary a little from the values in Table 10 but represent the thickness
as measured on the cut samples used in each of these tests. TOnly one test, but see text.
ISample was not taken to failure.

Extensibility

Extensibility can be approximated as the strain at a force of 10 N/mm? 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 while the porcine and 4.0 mm

neonatal bovine are the least extensible at this level of force (Table 12).

Table 12. Strain (approximate) of different sample types.

Sample Strain at
10 N/mm’ 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
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Small angle X-ray scattering

The SAXS diffraction patterns (Fig. 7.2) can be analysed 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 (Ol).

FIGURE 7.2: 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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Collagen fibril orientation index (Ol)
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 Ol measured for each material is listed in
Tables 13 and 14.

Table 13. Orientation index for collagen from SAXS measured with the X-ray beam edge-on.

Sample Ol (X-rays | o Number of
edge-on) 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 0.1 25
Bovine Neonatal 4.0 0.45 0.15 29
Porcine 0.40 0.05 29
Human 0.23 0.08 24

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 Ol was seen when comparing neonatal

bovine with either porcine or human.
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Table 14. Orientation index for collagen from SAXS measured with the X-ray beam

perpendicular to the surface.

Sample Ol (X-rays | o Number of
perpendicular) 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 g

Porcine 0.61 0.05 9

Human 0.08 0.06 9

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.

Detail of fibril orientation

The Ol presented for each of the materials is calculated from plots of diffraction intensity for
the 5" or 6" d-spacing diffraction peak (Figs 7.3, 7.4 & 7.5), 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 verses azimuthal angle with the X-rays edge-on (Figs 7.3

& 7.4) and perpendicular (Fig. 7.5) 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 verses azimuthal angle plots. Single plots at just one point in a

section of the ADM are shown in Figure 7.3. The way the diffraction intensity varies with
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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 measurements for fetal bovine ADM material (Fig. 7.3a)
and to a lesser extent edge-on measurements for neonatal bovine ADM (Fig. 7.3b) and
human ADM materials (Fig. 7.3d). 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 (Fig. 7.3c). When the curve remains considerably above the baseline, the

collagen fibril distribution is tending towards isotropic.
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FIGURE 7.3: VARIATION IN INTENSITY OF THE 5™ 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 ADM MATERIAL; B) 3 MM THICK NEONATAL
BOVINE; C) PORCINE; D) HUMAN. THESE PLOTS CORRESPOND WITH THE DIFFRACTION
PATTERNS IN FIG. 39.
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intensity (counts)

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 verses azimuthal angle at points at different positions on a cross section of the
material representing different depths (Fig. 7.4). These are essentially compilations of plots
such as in Fig. 7.3 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 increasing depth. The porcine is highly oriented
throughout the thickness although the direction of orientation changes with depth.

Intensity (counts)

Intensity (counts)

Intensity (counts)

FIGURE 7.4: VARIATION IN INTENSITY OF THE 5™ 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 FIG. 3) TO ILLUSTRATE THE
NATURE OF THE FIBRIL ORIENTATION THROUGH THE SAMPLE THICKNESS: A) FETAL BOVINE
ADM MATERIAL; 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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Fibril orientation (X-rays normal)

Measurements with the X-ray beam perpendicular to the surface reveal differences in fibril
orientation between sample types (Fig. 7.5). When the curve remains a long way above the
baseline this indicates a tendency towards an isotropic distribution of the collagen fibrils, The
fetal bovine ADM material has two well defined peaks of similar intensity (Fig. 7.5a), as does
the neonatal bovine (Fig. 7.5b) although with greater spread and both remaining well above
the baseline. The porcine material also has two peaks (Fig. 7.5c), 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 (Fig. 7.5d) reveal that the fibrils barely

exhibit a preferred orientation and are not bimodally distributed.
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Ol cross sections of ADM

The cross sections through the thickness of the ADM materials (Fig. 7.6) show a variation in
Ol through the thickness of the bovine materials which, unsurprisingly, is similar to that
observed in bovine leather(114). The fetal bovine material (Fig. 7.6a) is similar to the
neonatal material (Fig. 7.6b—e). In the porcine (Fig. 7.6f) and human (Fig. 7.6g) materials, Ol

varies less through the samples.
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FIGURE 7.6: VARIATION IN Ol 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.

Fibril diameter

Average collagen fibril diameters for each of the sample types calculated from X-ray edge-on
measurements are listed in Table 15. 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 animals(177) but we do not observe a difference in collagen fibril

diameter between fetal and neonatal bovine ADM materials.
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Table 15. Average diameter of collagen fibrils from SAXS analysis.

Sample Fibril diameter | Variance Number of
(nm) - measurements

Bovine Fetal 58.6 1.3 28

Bovine Neonatal 1.7 58.3 1.7 26

Bovine Neonatal 2.0 60.8 1l 26

Bovine Neonatal 3.0 57.1 25 29

Bovine Neonatal 4.0 56.0 8.2 32

Porcine 61.1 2.1 28

Human S9N 2.7 30

d-spacing

Average d-spacing for the collagen fibrils for each of the sample types is listed in Table 16. 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.

Table 16. Average d-spacing for collagen from SAXS analysis (on hydrated materials).

Sample d-spacing Number 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

H. Wells 169



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 (Fig. 7.7). The variation between sections is greater for the

human, porcine and 4 mm neonatal bovine than for the thinner bovine samples.
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MM THICK NEONATAL BOVINE; E) 4 MM THICK NEONATAL BOVINE; F) PORCINE; G) HUMAN.

Correlation of Ol and strength

Based on measurements with the X-ray beam edge-on to the sample, a statistically
significant correlation was found only between Ol and tear strength (Fig. 7.8 left); tensile
strength is not significantly correlated with Ol (Fig. 7.8 right). These findings are consistent

with observations for leather(25).

For the Ol verses tear strength and Ol verses tensile strength measured with the X-ray beam

perpendicular to the samples there is no statistically significant correlation (Fig. 7.9).
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Fibril diameter and strength

Fibril diameter has been shown to correlated with tear strength in bovine leather(99). In
collagen grown in tissue culture, larger fibril diameters are associated with higher
strength(178). However, in the bovine neonatal material we analyzed here, there is no
statistically significant correlation between fibril diameter and strength (Fig. 7.10). There is

also no correlation in the material of the other species investigated (Fig. 7.10).
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NEONATAL ADM.

SEM images

The SEM images show structural differences between the bovine, porcine and human ADM

(Figs 7.11 & 7.12). The bovine material has a more open structure than the porcine and

human material, which have a much finer texture.
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FIGURE 7.11: 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 MM.
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FIGURE 7.12: SCANNING ELECTRON MICROSCOPY IMAGES AT HIGHER MAGNIFICATION
THROUGH THE THICKNESS OF THE ADM MATERIALS: A) PORCINE; B) HUMAN. BOTH AT THE
SAME MAGNIFICATION; BAR IS 200 MM.

DISCUSSION

Strength from structure

Collagen structure, as determined 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 (Fig. 7.8a). In stronger
samples, the fibrils are oriented in a planar manner parallel to the surface of the material
(Fig. 7.13b); in weaker materials, fibrils are less oriented in the planar direction (Fig. 7.13a).
Orientation direction, as measured with the X-ray beam perpendicular to the plane of the
sheets of ADM (Fig. 7.14), does not however have a strong relationship to strength. This has
also been seen in leather produced from bovine hides(25). 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, while tear strength might be predictable
for given Ol in bovine materials, this Ol 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 Ol measured edge-on and strength (although no correlation was
found for alligator leather)(25, 98). However, we are not able to confirm whether such an Ol-
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.
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FIGURE 7.13: ILLUSTRATION OF THE DIFFERENCE BETWEEN ADM MATERIAL THAT IS: A)
POORLY ORIENTED WHEN MEASURED WITH THE X-RAY BEAM EDGE-ON; B) HIGHLY ORIENTED
WHEN MEASURED WITH THE X-RAY BEAM EDGE-ON.

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 (98, 108, 172). A model orientation index is derived which we will call

Ol to distinguish it from the experimentally measured Ol (Egn. 1).

[7[cos* 0 F(6,4) dodg
OI’: 0 027r 7l2
[]. F@.¢dodg

(1)

Where F(6,¢) is the angular distribution function where 6 and ¢ 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 strength(98) and also in collagen in bovine pericardium(108). Other factors

which prevent notch growth during tearing are also important(221).

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 (Fig.
8b), as also seen with leather(25), 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
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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 ADM materials), 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)(237). 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.

FIGURE 7.14: ILLUSTRATION OF THE DIFFERENCE BETWEEN ADM MATERIAL THAT IS: A)
HIGHLY ORIENTED IN TWO ORTHOGONAL DIRECTIONS WHEN MEASURED WITH THE X-RAY
BEAM PERPENDICULAR TO THE SAMPLE FACE, SUCH AS IN PORCINE MATERIAL; B) PARTLY
ORIENTED WHEN MEASURED WITH THE X-RAY BEAM PERPENDICULAR TO THE SAMPLE FACE,
SUCH AS IN BOVINE MATERIAL; C) LARGELY ISOTROPIC WHEN MEASURED WITH THE X-RAY
BEAM PERPENDICULAR TO THE SAMPLE FACE, SUCH AS IN HUMAN MATERIAL.

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 dehydration' ?'?* 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
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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(238), but further, detailed

investigation is required.

Variation through material thickness

Both the Ol (Figs 7.4 & 7.6) and d-spacing (Fig. 7.7) vary through the thickness of the ADM
materials. In the porcine and human ADM material, Ol varies less with thickness than do the
bovine materials. For other bovine dermal materials, this variation has been well
documented(114); 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
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 than older(108)). 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 Ol measured edge-on
(Fig. 8) as it does in bovine and other leathers(19). 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 Ol and strength in the bovine materials, so other factors

are clearly also important for strength.
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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 ADM materials has revealed insights into
the differences between the materials and the relationship between the structure and some
of the physical properties. Bovine ADM material is similar in strength to 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/mm?) 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 and we 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, while 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 differences which affect physical properties and it may be that

the differences in porosity are also important and are worth also investigating.
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Overall Conclusions

This research aimed to reveal the properties and behaviour of the collagen matrix that is the
structural foundation of a range of biomaterials. These biomaterials include heart pericardium
and dermal tissues, as well as the materials produced from dermal tissues including leather

and acellular dermal matrix (ADM) materials.

It has been revealed that looseness, a collagen structure defect that occurs in leather, occurs
as a result of poor connections existing between the layers of collagen fibrils in the grain-
corium boundary region in leather. A range of analytical techniques were used to study and
compare the collagen structure in loose and tight (control) leather including small angle X-ray
scattering (SAXS), electron microscopy and ultrasonic imaging. SAXS revealed that these
poor connections result when collagen fibrils are too highly aligned. The ultrasonic imaging
was able to identify differences in structure between loose and tight leather, with a region of
low intensity being visible below the grain boundary in loose leather, due to the existence of

gaps in the collagen structure.

Following on from this, it was discovered that it is possible to use ultrasonic imaging to detect
the presence of looseness not only in leather, but also earlier in processing, in partially
processed hides. In pickle and wet-blue hides, looseness can be seen as a low density
region below the grain surface, much like that seen in leather. Using ultrasonic imaging as a
method to detect looseness earlier in the production of leather would allow tanners to select
out and divert defective hides to an alternative processing line earlier in processing, saving a

significant amount in processing costs.

SAXS was used to investigate the collagen fibril structure in loose and tight hides more
closely from the pickled hide stage of processing through to leather. It was revealed that
loose leather undergoes a greater change in fibril orientation, when looking perpendicular to
the leather surface, during processing from pickled hide through to wet-blue which is linked
with an excessive amount of material swelling. When a material swells too much, there is a
large change in fibril orientation in the material and the collagen fibrils become less aligned.
The excessive swelling and change in fibril arrangement causes the connections between
fibril layers to weaken, forming gaps in the collagen structure. When the hide shrinks back
down during processing to leather, these gaps and weak connections remain and result in
looseness. This discovery of collagen fibril behaviour during the processing stages from
pickled hide through to leather has led to a greater understanding of the structural motif of

looseness and its causes. This is a significant step towards determining what processing
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changes can be made to minimise looseness in leather, and improve the quality of leather

produced being in tanneries here in New Zealand and around the world.

Another issue investigated relating to leather production and looseness was the methods of
disposing of chrome tanned leather, and ways to minimize chromium leaching into the
environment. Leather that is too badly affected by defects such as looseness is often
unusable, and is sent straight to waste. This leather, as well as leather in old and used
products, should be disposed of in a manner that has little or no environmental impact. Most
of our defective and used leather is currently disposed of into landfill, however this is causing
an environmental concern due to the chromium from the leather leaching out as the leather
biodegrades. It has been determined that heating leather to temperatures above 600°C in
the absence of oxygen forms a biochar where the chromium is contained in a stable and
highly dispersed carbide-like structure. The stability of this structure makes chromium
significantly less available to form the toxic hexavalent form. Therefore instead of being an
environmental risk in our landfills, chrome tanned leather, when transformed into a biochar,
presents a soil product that is a safe and stable and can be used for soil remediation and

carbon sequestration.

In addition to the work focused on leather, a range of collagen based materials have been
studied to uncover correlations between collagen fibril structure in a material, and bulk
strength. The characteristics of the individual fibrils themselves were studied including fibril
diameter, fibril d-spacing and fibril orientation, and were related to properties such as the
overall tear and tensile strengths in a range of biomaterials. For these studies, the primary
analytical technique used was synchrotron based small angle X-ray scattering (SAXS).

Electron microscopy was also used to analyse collagen structure.

The relationship between collagen fibril diameter and strength was studied in leather from a
range of species, including bovine and ovine. It was already well known that fibril orientation
can affected the strength of a material; however the effect of fibril diameter on material
strength had not yet been studied. There was a small correlation between fibril diameter and
strength in bovine leather, where thicker fibrils resulted in stronger leather. However this
correlation did not appear true for the other species. Therefore it can be said that collagen
fibril diameter has a much lesser effect on strength than the orientation of fibrils within a

material.

Following on from the analysis on collagen fibril diameter and material strength, we extended
our research to look at changes in fibril diameter, fibril extension and fibril orientation when
applying strain to a collagen material. In this study, bovine heart pericardium was used as

the collagen material. To compare the behaviour of collagen to the likes of other engineering
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materials the Poisson Ratio of the fibrils was calculated and found to be 2.1 + 0.7; a
surprisingly high value. This suggests that collagen fibrils decrease in volume when
subjected to strain. In addition to this, it was found that there are two distinct stages of
collagen behaviour during increased strain. Initially, when strain is first applied, the stress is
taking up by the re-orientation of the fibrils within the material and there is very little change
in fibril extension or diameter. When higher strain is applied and the fibrils have straightened
somewhat, the stress begins to transfer to the fibrils themselves, causing them to elongate
and the diameter to decrease. These features of the collagen fibril could help explain the
behaviour of bulk collagen materials, and could be useful to understand and utilise in various

industrial applications.

After already looking at the collagen materials leather and pericardium, research on collagen
structure and strength was extended to include acellular dermal matrix (ADM) materials of
bovine, porcine and human origin. Structural differences between the three types of ADM
materials were revealed, and it was found that each slightly differs in physical properties.
Bovine ADM was the strongest material, followed closely by human ADM, with porcine being
significantly weaker than the other two. The variation in strength appears to be influenced by
the orientation and arrangement of collagen fibrils in the materials, with a more layered fibril
structure resulting in a stronger bulk material. Human ADM was highly isotropic in fibril
arrangement and the porcine ADM was largely anisotropic, with the bovine ADM being
somewhere in the middle of the two. Variations in porosity were seen between the different
types of ADM, with bovine being more porous. The similarities and variations uncovered in
this study could help medical professionals select the most suitable ADM material for

particular surgical applications, leading to more successful surgeries taking place.
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Appendix One —Conference Abstracts, Posters and
Symposiums

Listed below is the work presented at conferences from 2013 — 2015, in the form of either a
poster or symposium.

1) Poster presented at the 12th International Conference on Frontiers of Polymers
and Advanced Materials, Auckland, December 8-13, 2013.

Hannah C. Wells', Katie H. Sizeland®, Richard L. Edmonds?, Nigel Kirby?, Adrian Hawley?,
Stephen Mudie®, Richard G. Haverkamp®

! School of Engineering and Advanced Technology, Massey University, Private Bag 11222,
Palmerston North, New Zealand 4442

2New Zealand Leather and Shoe Research Association, Palmerston North, New Zealand.

*Australian Synchrotron, Victoria, Melbourne, Australia

ABSTRACT

Collagen Fibril Diameter and Leather Strength

The main structural component of leather (and of skin and tendons) is collagen. The strength
of leather is an important property that determines the possible uses of the leather and has a
big impact on the value of the leather. Collagen forms fibrils which may be arranged in
bundles. It has previously been reported that tendons composed of bundles of collagen fibrils
with larger diameter fibrils are believed to be stronger. However, exercise has been shown to
reduce the fibril diameter in tendons of horses and mice. We have used synchrotron based
small angle X-ray scattering, combined with scanning electron microscopy and atomic force
microscopy, to measure the fibril diameter in ovine and bovine leather and compared this
with the measured strength of these materials. Early results indicate that stronger leather
may be composed of thinner collagen fibrils. These results may cast a new light on the
understanding of the strength of collagen based tissues and require a reinterpretation of

previous experimental reports.
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Collagen Fibril Diameter and Leather Strength

Hannah C. Wells, Richard L. Edmonds, Nigel Kirby, Adrian Hawley, Stephen T. Mudie and

: Richard G. Haverkamp
/ 12 International Conference on Frontiers of Polymers and Advanced Materials
8-12 December, Auckland
School of Engineering and Advanced technology, Massey University, Private ag 11222, Paimerston North, New Zealand 4442

Leather and Shoe Research Association, Private Bag, Palmerston North, New Zealand 4442
Australian Synchrotron, 800 Blackbum Road, Clayton, VIC 3168, Australia

R d
Introduction Results Cont’d

The main structural component of leather is collagen I in the form of strong fibrils. The strength Fibril Diameter and Strength. The measured fibril diameters
of leather is an important property, influencing the value and use of leather. However the | |3re plotted against strength for three data sets (figure 4).
structural motifs that result in strong leather are yet to be fully understood. The skins from There is no correlation between strength and fibril diameter
some animals, such as cattle tend to produce stronger leather, while others, such as sheep, for the leather from sheep or other animals. With bovine
produce weaker leather. * It has been proposed that the three most important factors leather there was a statistically significant correlation
contributing to leather strength are the type and nature of cross-linking, the orientation of the between fibril diameter and strength, with stronger leather
collagen fibrils and the fibril diameter? containing thicker fibrils (F = 0.59; P = 0.009).% This provides
The focus of this work is the contribution of fibril diameter to strength. Collagen fibril dismeter | | Uantitative support for previous studies that relate fibril
varies with strength and some studies indicate that larger diameters exist in stronger tissues, | | 9i8Meter to strength. Several studies on tendon show that
Here we investigated whether collagen fibril diameter is associated with strength in leather | | mechanical loading, which is presumed to result in increased
produced from bovine and ovine skins, and to determine if a similar relationship can be | | Strength, is found to result in larger diameter collagen fibrils

generalized to other animals. being present. *¢
However, no correlation was found between fibril diameter

and tear strength in ovine leather. it is known that ovine
leather has a less oriented structure than bovine which
contributes to its lower strength.” Therefore Ol may more
strongly determine the strength of ovine leather, rather than
the fibril diameter size.

Fibril Diameter and Ol. It has been previously reported that a strong relationship exists between
leather strength and fibril orientation (OI); 7 therefore we wished to see whether fibril diameter|
is correlated with OL. Figure 5 shows plots of fibril diameter versus OL it is apparent that no
correlation exists between these two structural aspects of leather. Therefore, it cannot be said|
that the observed correlation between bovine fibril diameter and strength is merely a cross|

correlation with OI.
o | (@) e
Methods ol |8 " H .
Ovine and bovine skins were processed using a conventional procedure to produce leather. | . L .
In addition, single skin samples taken from crocodile, deer, elephant, goat, horse, pig, om C X2y
possum, seal and water buffalo were similarly processed into leather. Thickness-normalized e e
tear strengths were measured for all samples using an Instron 4467. From the processed froresiory Py Sy

ovine leathers, two groups were selected, one consisting of weaker material and one

consisting of stronger material. ik

properties. For ovine leather, £ = 0011 3nd P = 0.6747 {for slope). For bovine leather = 0.28 and P =0.22 (for siope).*

Synchrotron-based small and X-ray scattering (SAXS) was used to
measure the collagen fibril diameter of leather from the range of
animals, including sheep and cattle, that had a range of tear
strengths. SAXS had been used previously to measure collagen
fibril_diameter in tendons, and the technique allows the size
distributions for a large number of fibrils to be made with just one
measurement.

Conclusion

It was found that there is a correlation between strength and fibril diameter in bovine leather,
with stronger leather having thicker fibrils. However this correlation was not observed for
ovine leather. In bovine leather, the collagen fibrils are more aligned than in ovine, while
tendon contains even more highly aligned fibrils. Therefore we conclude that where the tissue
contains highly aligned fibrils, the fibril diameter size becomes more of a determinant of
strength. When tissues are less aligned, fibril diameter is less influential on strength, and
rather the degree of orientation of the fibrils becomes more important. The interspecies study
showed that it is not possible to make conclusions about leather strength from interspecific
comparisons of fibril diameter. Here we have shown how one aspect of the collagen structure
of leather can affect its prope:

Diffraction patterns were recorded on the Australian Synchrotron
SAXS/WAXS beam line. Initial data processing was conducted using
SAXS15ID and fibril diameters were calculated from the SAXS data
using Irena running within Igor Pro. To measure the fibril diameter
in the leather samples, the cylinder mode with an aspect ratio of
30 was used in Irena, giving a good fit.
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ABSTRACT

Collagen D-spacing Modification by Fat Liquor Addition

Collagen is the main structural component of skin, 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.

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. Little is known, however, about the effect of fat
liquor on the molecular structure of the collagen fibrils. 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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ABSTRACT
Biochar from Leather - the Fate of Chromium

Chrome-tanned leather waste, both post-consumer and tanning industry scrap, must be
disposed of in an acceptable manner. There are environmental concerns around the
chromium content of leather waste and the possibility of chromium leaching into the
environment. We investigated the production of biochar from leather, the leaching
characteristics of this char and the chemical form of Cr in the char. Chrome tanned leather
was heated in an oxygen deficient environment at temperatures ranging from 500-1000 °C
to form a char. The char was leached in 1 M HCI and the leachate analysed for Cr content.
The char was analysed by synchrotron based Cr K edge X-ray absorption spectroscopy for
the chemical state of the Cr. It is found that Cr does not leach from the biochar. The Cr is
present in the high temperature char as highly dispersed Cr carbide, an insoluble and very
stable material. Biochar made from leather waste may be beneficial to the environment as

both a soil enhancer and for long term carbon sequestration.
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ABSTRACT
Poisson Ratio of Collagen Fibrils

The main structural component of skin and tendons is type | collagen. These tissues are
elastic and deform reversibly under stress. The mechanical properties of individual collagen
fibrils contribute to the mechanical properties of the tissues which they comprise. We have
used synchrotron based small angle X-ray scattering to investigate the deformation of
collagen fibrils during stress in pericardium. Fibril diameter is calculated from the scattering
pattern and fibril elongation is calculated from the diffraction peaks resulting from the d-
spacing. As collagen fibrils are stretched their density increases. We are able to determine
the poisson ratio for collagen fibrils. This knowledge may be incorporated into models of the

macrolevel behaviour of tissues.
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ABSTRACT
Orientation of Collagen Fibrils in Tissue

Collagen (Type |) is the main structural component of skin and other animal tissues. We
have investigated aspects to the structural basis of leather and pericardium using
synchrotron based small angle X-ray scattering. We obtained quantitative measurements of
fibril orientation, fibril size, and details of the structure (D-spacing) of individual fibrils. We
measured tissues both in a relaxed state and under tension. Under tension, the extension of
fibrils can also be measured. When tissues are stretched the fibrils first align in the direction
of stress and then individual fibrils begin to stretch. We found that strength for leather and
pericardium is a function of collagen fibril alignment. When fibrils are aligned in the plane of
the tissue the material is stronger. These studies provide an insight into the structural basis

of strength in tissues and the behaviour of these materials under stress.
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ABSTRACT
Poisson Ratio of Collagen Fibrils Measured by SAXS

Tendon, skin and skin products are primarily composed of the fibrous protein, type |
collagen. Collagen provides strength and stability in biological tissues and therefore the
mechanical properties of collagen are important in understanding the overall behaviour of the
tissues. While the bulk tissues themselves have been well characterized, little is known

about the mechanical properties of the individual collagen fibrils.

To determine the behaviour of collagen fibrils we have carried out an investigation using
SAXS on bovine pericardium under stress. From the SAXS diffraction patterns the fibril
diameter is calculated, the fibril elongation is calculated from the diffraction peaks that result

from the collagen d-spacing.

The tissue is strained 25% with a corresponding strain in the collagen fibrils of 0.045
observed. There are two stages in the collagen fibril structure that we observe while
increasing strain. The first stage, at low strain, we observe a decrease in fibril diameter, a
small increase in d-spacing and a large increase in Ol. This suggests the strain is taken up
by the reorientation and removal of crimp in the fibrils. The second stage involves a small
change in Ol but the d-spacing increases significantly and the fibril diameter decreases. This
indicates there is an increase in stress on each of the individual fibrils. We are able to
determine the Poisson ratio for collagen fibrils from the changes in fibril diameter and d-

spacing observed. The Poisson ratio, corrected for a rod shape, can be calculated using:

o vaedd

vV =

AL/L
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Relaxed Stretched

d

A Poisson’s ratio of 2.1+0.7 was determined for a tissue strain from 0 to 0.25. This indicates

the volume of the individual collagen fibrils decrease with an increasing strain which is an
unusual observation for most engineering materials. This knowledge may help to explain

some of the remarkable properties of collagen-based biomaterials.
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Poisson Ratio of Collagen Fibrils Measured by SAXS
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Collagen Structure During Tension

Thes thmsue v strained up to 255 We observed bwo siages in the structural
k at the collagen fibril level during strain.

materials have not.

Here v look at the Poimson rabio {v) of oollagen fibrils o characterize the
oollagen fibrl structure and performance i tissue during tension. Previous
st an the bulk tizmuess have given Poizson ratio values gregter than 0.5,
indicating the volume of the teoe deoregces o= it & strained.

‘We have determined the behavior of oollagen fibrils when strees iz applied wing
mynohrotron based small angle ¥-ray scattering (54005, Bovine perioardium was
e 2= 2 oollagen sourpe, which was strained wup to 25% during data oollection.

recarded. This waz repeated for sach zample, until the zample broke.

Figure 1. & saampls of & S0 difirection pattem of pericardium

detemined using Irena softeare running with Igor Pro. The d-spacing i a
measure of fibril extension, the Ol & a measure of fibril alignment in the bulk
miaterial.

Calculating Poisson’s Ratio

The Poisson's ratio, v, is the ratio of transverse strain to longitudinal strain in
the |pading direction and is caloulated from the eguation:

A
Ty
Where Wis the width of & oube or bar, and L is the length of & oube or bar.

Thie Poizson ratio for collagen fibrils can be expresmed g the ratio of fibril

This ressarch was carried oot on e AW
Hurching. This work wis supgorted by the Binkitey of

[RL A1
Einm

Fiqure 1. Charsges in d-spacing blus), fibril Sameter jowdi, and ohentaon indes (00 of Se
‘oollegen Shb in pericarSum e abrein b incremnsd- Fgues from Wells o sl G018 1. Apel. Pl
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In the: first stage (up to stramn of 0.09), we notios 2 deorease in the oollagen
fibril diameter with & small inorease in d-spacing and a large inorease in Ol
During this phase of strain, most of the strain is taken up by the reorientation
of the individual fibeils within the tissue.

The s=ocond stage of strain [above 0.07) there is bittle change in Ol howewer
the d-spacing begins to inoresse and the fbrl dismeter deoregse:. Ths
indicates the strezs & now mastly on the ndividual collagen fibrils. At a
stramn above 0,15, the fibrils continue to stretoh: howeser the dhangs in fibril
diameter plateaus

Poisson’s Ratio

oaloulated to be 11&.?ﬁmﬂemkéuﬂﬂwmm.

The: high Poisson’s ratio (=0.5) indicates & volume deorease in the fibrils &s
the tisme is Srained. This could help to explain some of the unigue
properties of collagen based materials. The high Poisson ration oould be
expilained by tighter packing within the fibrl under strain, where there could
e compression of lydrogen bonding within the fibaril, miono fibeill or
tropooollagen.

Conclusion

Symchrotron based SAXS has been a useful tool for charaoterizing the
strusture of individual oollasen fibrils within pericardum temue, @ strain is
nﬁﬂjﬂdmﬂmtm From the 5405 dffraction patterns, the oollagen d-

sparing (or fibril extension), fibrl dametsr and crsntation of the fibrils wers
determned and used to oatoulate the Poizson's ratio of oollagen of 2.1 £ 0.7.

Previone studies on collagen based bulk materials have given v = 0.5 and here

MAETEY U
TH ELHER
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ABSTRACT
Strength in Collagen Biomaterials

Natural collagen materials are used in industrial and medical applications; for example
leather for shoes and garments, and extra cellular matrix materials for surgical scaffolds. For
most applications the strength of the material is a critical performance property. Therefore,
an improved understanding of how the structure of these natural and processed materials
relates to strength is needed. A range of collagen based materials have been characterised
using synchrotron based small angle X-ray scattering (SAXS). The distribution of collagen
fibril orientation in a material can be determined from this technique. In leather, fibril
orientation in the plane of the leather was found to correlate strongly with the tear strength of
the leather. Highly aligned collagen fibrils lead to stronger leather. This is explained by a
structural model. Mechanisms of nanostructural response to strain in leather, medical
scaffold material and pericardium were also investigated by these techniques. Collagen
fibrils rearrange and then stretch but these behaviours are governed by a number of factors
and the response can be altered by chemical and physical treatments. A better
understanding of the structure and strain characteristics of collagen biomaterials has
resulted and this enables the design of stronger materials for industrial and medical

applications.
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ABSTRACT

Microstructure and Looseness in Bovine Leather

Around 10% of bovine leather manufactured suffers from a condition known as looseness
which makes it unsuitable for high value applications. Looseness is identified by the display
of creases on the grain of concave folded leather. However, the microstructural basis for
looseness is not known. Currently, looseness can only be found in leather after much of the
processing has taken place, and therefore results not only in a much lower value item, but
also a waste in chemical materials and labour. We have used ultrasonic imaging, small angle
X-ray scattering, scanning electron microscopy, light microscopy, tensile and tear strength
tests to characterize loose and tight (non-affected) leather. Loose leather was found to
contain a more open structure with greater space between collagen fibres particularly around
the grain-corium boundary, and more aligned collagen fibrils particularly in the corium. Loose
leather, despite its lower value, is found to have a higher tensile strength than tight leather,
which is likely to be due to the greater fibril alignment. While greater alignment leads to
stronger leather and therefore leather of greater value, looseness occurs when this
alignment is too great leading to a weak connection between the layers and a subsequent
degradation in the value of the leather. This study has helped identify the nanostructural
characteristics of loose leather, and may be useful for further studies into methods of
preventing or reducing looseness occurring during leather manufacturing. Achieving this

would lead to significant financial benefits for the leather industry worldwide.
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ABSTRACT
Mechanical Behaviour of Collagen Fibrils with Strain

Type | collagen is the major component of tendon, skin and skin products such as leather.
Type | collagen is a fibrous protein that provides most of the strength, stability and structure
in biological tissues and therefore plays a major role in the overall behaviour of the bulk
tissues. Despite many bulk tissues already being well studied and characterized themselves,
little is understood about the mechanical behaviour of the individual collagen fibres that make

up the bulk tissues.

A study has been carried out using SAXS on bovine pericardium to investigate how collagen
fibrils behave while under stress. The diameter of the collagen fibrils and fibril elongation can
be determined from SAXS diffraction patterns. The fibril elongation is calculated from the
diffraction peaks that form in the SAXS diffraction patterns as a result of the collagen d-

spacing.

When the bulk tissue was strained 25 %, a strain of 4.5 % was observed in the individual
collagen fibrils. There appeared to be two phases of structural change in the fibrils while
under increasing strain. In the first phase, when the strain is low, the fibril diameter
decreases with a small increase in d-spacing and a large increase in Ol. In this stage of low
strain, it appears the strain is mostly taken up by the re-orientation and the removal of any
crimp in the fibrils. The second stage, when strain is higher, involves a smaller change in Ol,
but the d-spacing increases significantly with decreasing fibril diameter. From the information
collected on the fibril diameters and fibril extension or change in d-spacing, the Poisson
ration can be determined. The Poisson ratio, corrected for a rod-shape, can be calculated

using the equation:

N2

VS TTALLL
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From a tissue strain from 0 to 25%, a Poisson ratio of 2.1 + 0.7 was calculated, indicating a
decrease in volume of the individual collagen fibrils as strain is increased. This is unlike most
engineering materials and may be useful in explaining the unique characteristics and

behaviour of collagen biomaterials.
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Introduction

Type | collagen s the main sinuctural component of biclogical Bssues such as skin and fermdon, and also skin producks Incuding l=afier and exfracsdlular marbr sca®olds for

sunpical applicabors.

The primary function of type | coilagen fs o provide the: majorty of Te sinength, sabiity and stnocture of Te materisl it forms. A signiScant amount of information faes preswioushy
bz codecizd on the bulkk structural behaviour of each of ooilspen mai=dals, however, e s nowns about Te mechanical behaviour of T Individual coliagen Shris that make

up Tiese Hosuss

This study used small angie: X-ray scalerimg {3AX3) o look al the Indvidual colisgen Sbrils within the bulk malerals whils appiying Strain, i order o give @ befer
understanding of one of the faciors that contrbutes 1o the bulk properties. of ssues during sin=ss and srain

Methodology

Fresh sampies of bovine pericardias wens cuf, washed and stored i phosphate
bufer sciulion Tor msp o the Acstrailan Eynchmotron for data colecion.
SAXE difraction patiems wens recorded whis the percandium was subjeched o
sirain in the beam Ene.

o

= I| 4

PG b T S0 saps e b

Froem the scatiering paBems, the average collager: fbril diarmeter, siongabion and
Tierl orientation were debermined.

FIGUERED 2 Mardars ang Sl RETEng i i e Srminng e e sl et el

Fitrll efongation and Sbiil dameter wene cakulated fom diferent pars of the
scatiering patiem. The Sbiil slongaon was iodated froe S shiftin the diffraction
peaks which result from the cofagen d-spacing n the fbris and these are prominent
In the direction of sirsin. Fibidl dismeter was defsrmined by filting the 2423
scatiering dats In e meridonal direcion o a "oyiinder AR™ shape mode] using S
Irena softeare package. From e il siongabion and diameter the Poisson's rabio
was calculated and comeci=d for a rod-shape moded
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(50" - OANSO™.0A ks the minimum Azl angie ange that contains 50% of he:
Tbris. Here It has basn converisd 1o an indey where 0 i anksotogic and 1 s
compisiely oriented. The azimathad dinection of e d-spacing dffraction peaks was
used bo determing crientabion.
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Results and Conclusions
The maxi=w sirain chtained before rupeure of the sypie was I5%. Themn
appeared o be bwo siages in the structuml changes of colagen with Inoreasing

e
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In the iribal stage [at low srain], we cbsenve 2 large increase in T O, with 2 s=ail
decrease in fiorl diamei=r and smal ncease In d-spacing. It appears the: stain ks
iritialy mostty mken up by Fe re-orientabon of fbrls and removal of crimp. ko
significant siraim Is being ken up by Se Shrils themseves at this stage.

The second stage (strain above 0.09) iInvolves no significant changs in Ol but
rstead thens |s 2 @rge Rcrease in d-Spacing wim & decrease In bl diameter B s

during this siage thal the ndividual Sbrils undergo =gnScant deformation due 1o
sirain

Stretched
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Using the fibrf] dlameter and Skl siongaton dats, the Polson's rabio was cakculaled
iobe 2.1 2 0.7 for & Essue stmain from 0 o 35%. This indcaied a decrease in volume
of the Imdvidual fibris 25 strain ncressed. A Polsson's abio of greater San 0.5 is not
possibie in anisoiropic matariais, 5o s behavior i unilie most engineering
mizizrials.

The colagen fitris respond o simin (or resist stmin) by ompressing intemaly and
this may contrbute o the remarkabie strength of the: Abris. This understanding may
e et In evplaining some of S onigue properies of colagen Dicrateriais.
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ABSTRACT
Nanostructural Analysis of Bioengineered Tissues for Enhanced Performance

Collagen is the main structural component of a number of natural and processed
biomaterials. The strength of these materials is often of crucial importance to their final
applications. The structural foundation of strength in collagen biomaterials is not fully
understood. We used synchrotron based small angle X-ray scattering to investigate the fibril
structure of collagen in leather, pericardium, and surgical scaffolds. Samples were put under
increasing strain so any structure-strength relationships could be investigated. Atomic force
microscopy and histology compliment small angle X-ray scattering. Strong correlations
between the strength of collagen biomaterials and fibril orientation have been found and are
dependent on tissue type, tissue source, tissue age, and the chemical and mechanical
processing of the tissue. These findings provide valuable insight into the basis of strength of
bioengineered tissues and will inform future tissue selection and processing to maximise the

value created from these animal bioresources.
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Nanostructural Analysis of Bioengineered
Tissues for Enhanced Performance

Introduction
Coliagen ia the main structured mponent of & umber of naturel et processed
Blomaterials. The strength of these matetials is often of Cude mportance 1o their final
The | of strength in collages biomateriab b not fully
We used 3 L5 the Sbedl structues of coliges in
loather, pericardium, n-hwghlxdhhs sm—-nmmmmmnm
ructirealrength could be d. These findings provide welseble lasight
lito the Banis of strength of Bioengineered thaues and will inform future thaue selection ed
procesiing 10 masimise the velue crested from these shimad blormcurces.

SAXS Analysis (a)

Figure 1. Example of
SAXS anayzis: (3] SAXS
sampie zetup; (b)
integrated intenzity
profile.
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Elastic Modulus = 33.5MPa

Pericardium O

Figure 2. Fericardium, the cutsice
8c Of the heart; a weaker material
with lesz aligned fibrils for sdult
tizzue and a stronger matenial with
more abgned fibrils for neonatal
tizsue [Szetand 2014].
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Fagure 3. Atomic force microzcopy images for (3] native pericardium; L]
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[¥ayed 2013]
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versus strain for ovine
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scaffoic material

References

1 Sheeland, K H, Welb, H. C., Higgies, 1 L, Cusnan, C M., Sirbg N, Hawley, A &
Haverbamp, R (2004). Age Depandent Dfferences in Collagen Filirll Orlentation of
Ghitareldetryde Ficed Bovine Pericardium. Slodded A b ety N Velume, Artice
1D 189197,
Kayod, H. &, Stsland, K H, Wby, N, Howley, A, Mudie, 5. T, & Heverkamp, R. (2015)
Colugen Cross Linking and Abel Aligrment in Pericardum. ASC Advances, 5(5), 36118
Shaeland, K H, BasilJones, M. M, Edmonds, R L, Cooper, & M, Kirtby, N, Hawley, A, &
Heverkamp, R. G, [2013). Collagen Orientation snd Leather Strength for Selected

of ond Food Oh , S3(4), BET-892.
Norls, G, & Heverk R. G (2012). Colegen Fiell

Algrmert and Defermation During Tensle Strain of Leather: A Small Angle X-ray
Scattering Study. Josrnal of Agricutural and Food Chemistry, 80(5), 12051208

Acknowledgements
MMW:Mh.rﬁthmdw Intevetion, end
Emph LASRA, Mesytithes, and 5 Lights B anldlbollmﬂ&
This research wes undertaien on The S5 WAKS beanline ot the i
Victorle, Australe

212



13) Poster presented at the 9™ Annual CIGR Section VI International Technical
Symposium, 16™ — 20" November 2015, Massey University, Albany Campus,
Auckland, New Zealand.

Hannah C. Wells®, Katie H. Sizeland®, Nigel Kirby? Adrian Hawley?, Stephen Mudie® &
Richard G. Haverkamp'

'Massey University, New Zealand
“Australian Synchrotron, Melbourne, Victoria, Australia
ABSTRACT

A Comparison of Strength and Collagen Structure in Bovine, Porcine and Human Acellular

Dermal Matrix Materials for Surgical Applications

Acellular dermal matrix (ADM) materials are scaffold materials used in surgical applications
to reconstruct or replace tissue. The materials need to be immunologically compatible, strong
and elastic. These properties make dermal tissues an ideal raw material for the synthesis of
ADM materials, through methods of decellurization. Bovine and porcine dermal tissues are
readily available as by products from the meat industry, and can offer another means of
income for meat industries. Human dermal tissue is also used to synthesize ADM materials.
Here we aim to compare physical properties of bovine, porcine and human origin ADM
materials, and relate these properties to strength. The relationship between age in bovine

species and ADM material strength is also studied.

Small angle X-ray scattering (SAXS) and scanning electron microscopy (SEM) were used to
observe the ADM structures. An instron was used to carry out multiple tear and tensile tests

on each material.

Tear analysis test showed that bovine and human had similar thickness normalised tear
strengths (75-124 N/m and 79 N/m respectively). Porcine was weaker, with an average tear
strength of 43 N/m. Tensile strengths were similar for all species (18-34 N/mm? for bovine,
18 N/mm? for human and 21 N/mm? for porcine). SEM images of the three materials showed
that bovine ADM has a more open structure than the others when viewed under
magnification. SAXS showed that the collagen fibril arrangement in the materials when
viewed perpendicular to the surface varied among species. Human had an isotropic
unimodal arrangement of fibrils (Ol = 0.08), porcine was strongly bimodal and highly
orientated (Ol = 0.61) and the bovine was in between with a bimodal distribution, becoming
more isotropic with age (Ol = 0.14 - 0.24). The specific structural properties of each of these

materials may determine which are more suitable for particular surgical applications.
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d inchude bowine, pondne and human tizoue. The sdventage of using bioemsteris
omses mx sonffold materisl owver symthetic materials is thet they are

umalogically compatible. Other impartant propesties for successtul
applicstion include material strength and elasticty. These physiosl properties va
depending on the mource materinl wsed. Here we menpare collsgen structures sne
strength of ADM materisls produced from thnes common biomaterisks; bovine,
ardine and human derreal tizcue. The comelstion beteeen sge of the snimal s
tissiee strength = Also studied for bovine ADM.

and SEM hevee been used to imvestigste collagen struchere and tear and tensile
it were camied out on each type of ADM material

Materials and Methods
Commiential materials were sourced, induding Strattioe Firm porcine ADM |
Corporation, US), Alloderm human ADM (LifeCedl Corporation, US) and & mnge

i bowine ADM (TE| BinsCiences, US) The SwigiMend bovine materia
mcluded & thind trimester fetal ADM ssmple and four neonstnl ADK Smples wi
mnying thicenesses (approx 1.7, 2 0, 3.0 and 4.0 mmi).

yncwniron based SAXS was comied oot ot the Australan Synchrotron on the
AXS WS benmiline. The details of the experimentnl set-0p and pammeters use
are given in detsil in Wells et al. (2017). The datn prooessing wos oumied out us
catterbrmin Softwans.

AXS potirms were recorded in tbwo directions through the samples (st to the
urface: and normal o the surface].

tthee SAXS diata it wes possible to determine the average colisgen fibeil
dismeter , coliagen d-spacng, and the average fibril orfentation: |or orientation
(o)) Orientation index (0] was used as & quantification of the spread of fibril
orientation and was calousiabed fromc
o W —OA
=
ere OA = o enkation angie = the minimum nﬂrrl.rﬂ'nlungie range Comtaining
5 of the fibrils, convertesd to an index using the spresd in aomuthsl sngie of the

Thickesess |Foree it | Thickseu-

[=m] ruptures [N} |nomaliced force
rapbure [Ny mss)

098 TE1

sile tests were perfiormed in to dinsctions for esch sample. Thidness normalised,
tnl bowsine had the rim-:m..'-xd:imult-:'s'lﬁ strength of 39,3 Mmm®. Hurman
o ﬂ'le'lhﬂ'ﬂ;tuti?ﬂfn'l'n mnd the bovime materials anged from 183 -23.8

revenied a more open Struchare in bosine ADM than human and pondne (fig 2)-
4 i gl L
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the SAXS data, it was determined that d-spacng and fitril disameter did not
By Significamtly soross species or show sy oorrelation to strengti. However the
- ent of the fibrils, when viewed perpendicular to the material surfsce, did

w.mede;lmwriﬂinnhm;pﬂiahrhiumtis
lustrated in figure 3 below. Fordine hes a fiornil armangement as seen in ), bovine i
best represented by b and hursan by (o).

Fgure L Buriration of the dflssecm in ADM npedsk when nemursd with the Xy Seam
parparcioinr bo the mserish faz sorbes. [ i bighly slgred b tee crthegeend dirscHzes, (B

imtegration of the ADM in vivo

e different spescies hisve different fioril srmngements and those that ane bimodal,
uch & porcine and bavine (& and b in figure 2], may heve differing properties
epeencding on direction. These differing properties, if known for sach maberial,
okl be useful wheen selecting msterisk for spedfic surgios| applicstions.
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ABSTRACT

Microstructural Characterisation of Looseness in Bovine Leather using Ultrasound

Looseness is defect that affects the quality of a significant proportion of leather, particularly
bovine and deer leather. This defect causes a lumpy appearance on the leather surface and
results, greatly reducing the leathers value. The structural mechanism and causes of
looseness in leather are not well understood; therefore this study aims to gain a better
understanding of this. We have used small angle X-ray scattering, ultrasonic imaging,
electron microscopy and tensile testing to characterize and compare the structures of loose
and tight bovine leather. Loose leather can be characterized by highly aligned fibrils,
resulting in weaker connections between the layers in leather. Loose leather also has a
looser fibre packing arrangement, with larger gaps in between fibre bundles, particularly in
the lower grain region of leather. We are able to see this characteristic loose, low density
region using in-situ ultrasonic imaging and electron microscopy. We have used a range of
techniques to gain a better understanding of the physical basis of looseness. This knowledge
will be useful for further studies into the cause and prevention of looseness from developing

during leather production.
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MICROSTRUCTURAL CHARACTERIZATION OF
LOOSENESS IN BOVINE LEATHER USING
ULTRASOUND
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Introduction

Looseness k5 a heater defect that affects around 5-10% of finkshed
leather. |t appears as wiinkles on the surface of leather and resuls In a
significant reduction In value of those hides affected. The sinectural
michanisms that cause lopsences are not well characterzed, therafore
this study aimed to Investigate possible causes of lO0SENESS In bovine
leather.

Sample Selection

Hides were obiained party processed from a local tannery and
pm-nesalng was finishad at the LASRA pliot plant In Paimerston Morh,

standard break tests were pesformed on e crust
wamersusnrremn1sa-rpleauasmmmry A range of
leather sampies wene selected for anaysls based on thelr braak scores. A
break score of below 3 was 5aid to be bght, and above 5 was loose.
Those scofng In between were not Incisded In the siudy. E=low Shows 3
comparison of @ Sght and loose leathar when folded concave for 3 break
test.

SEM

Samples were prepared and viewad at the Manawatu Microscopy Cenira,
Palmerston Morth Mew Zealand.  Samples of loose and tight lsamer
CIOGS-GECUONS WETe ODESrved at a range of Magnincations 10 Compare
eollagen stuctures. Firsfy, Sght laather appeared to have a larger grain
layer than loose, and looss leamer has a reghon |ust below the grain Eyer
where larger gaps exlsted Detween fore STuctures. The dMarences In
structura between loose and bght leather can be seen clearer at a higher
magnification {fig 2. ¢ and ).

16) Poster presented at The International Chemical Congress of Pacific Basin
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Ultrasonics

Mrasonic Images off looss and fight lesther  were taken wEing a
Denmascan C USE Instument from Cortex technoiogles In Denmark. &
20MHz 2D-scanning probe was used to take Image &l 65 frames per
second. A custom gain profiie was bult prior io scanning, spechically for
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'School of Engineering and Advanced Technolofy, Massey University, New Zealand
Australian Synchrotron, Melbourne, Victoria, Australia

ABSTRACT
Poisson Ratio of Collagen Fibrils under Tension

Tendon, pericardium, and skin are all primarily composed of type | collagen. Collagen is a
fibrous protein that provides strength and stability to biological tissues. Therefore
understanding the mechanical properties of collagen based materials is important for their
natural and industrial uses. The properties of these bulk tissues have been widely studied,
however the behaviour of the individual collagen fibrils that make up these tissues has not
yet been studied.
In order to characterise the mechanical properties of individual collagen fibrils, we carried out
measurements using small angled X-ray scattering (SAXS) on bovine pericardium tissue
while applying stress. From the generated SAXS diffraction patterns we were able to
calculate the diameter and elongation of the fibrils, which we could then use to calculate the
Poisson ratio of collagen, and the orientation (Ol) of the fibrils.
The tissue was strained up to 25% during data collection, which resulted in an observed
strain of 4.5% (0.045) in the collagen fibrils. There appeared to be two distinct stages of
changes in fibril structure during tissue strain. Initially, the strain was taken up by the
reorientation of the collagen fibrils within the tissue. Secondly, above a strain of 0.09, the
stress was mostly taken up by the individual fibrils, causing them to elongate.
From the information generated from SAXS, we determined a Poisson ratio of 2.1 £ 0.7 for
collagen. The high Poisson’s ratio (> 0.5) indicates a decrease in volume during strain.
Previous studies on bulk collagen based materials have also shown high Poisson ratios. This
study suggests that the unusual property of collagen based materials of a high Poisson ratio
during stress may largely be due to the behaviour of the individual fibrils that make up the

tissues.
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Poisson Ratio of Collagen Fibrils Under Tension
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Introduction

Type | cofiagen is the primary structursl component in biclogical tissues such a5 skin, tendon and heart pericardium. Due to
collagens unique properties and strength, it is widely used in the cosmetic and surgical industries for reconstruction and wound
hesling, as well as being the structursl foundstion in lesther, produced from skin and hides. The bulk properties of collagen
materials have been widely studied, however little is known about the mechanical properties of indivicual codagen fibres that
miske up these tizsues, Here we aim &0 study this.

‘Synchrotron based smal angle X-ray scattering (SAXS| wes
used ize the struct ] ical behavicur

of collagen fiaris . Samales of bovine heart pericarsium were

used as the subject material. SAXS deta was coliectsd while

the samale were suDjected o tension and scxttering pattems
P " .

A similar SAXS set up to that shown below in figure 2 was
usec.

The mverage collagen fisril dizmeter, fiaril slengetion ard
fibril orientation were determined from integrated intensity
picts fram the SAXS scattering patterns. An examale of 2n
integrated scattering attern in shown in figure 4.

The fioril d-spacing was used as @ measure of fibril
slongatian.

From the change in fioril ciameter (0 and kength (1), the
Poisson ratic was calculstec for @ rod shape from the
formula:
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e
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The maximum strain recorded before tissue rupture was
236 Thers zopeared to be two gistingt stages in the
Eanaviour of ag ing strai

The first stage, L3 to & strain of around O.05, there is 2
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become more aligned. During the inial change there are
oy mall changes in fibril diameter and d-saading.
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incresses significentyy slong with a cecrease in faril
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The Poiszan ratio was caicuated from the change in fibril
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‘tissue strain from O to 23%, the Poisson ration was calculsted
moe 21E0T

Thiz high Poisson retio indicates a decrease in volume in the
fibrils a5 strain is increased. This behaviour i wnlike mast
engineering materials.

condusion
We have proviced experimental evidence that codagen
y Z i i A& Poizson
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The behaviour of colagen fibrils seen here could be
contriouting to collagens remarkable strength and wnigue
properties. This may be helpful for the wide range of
current incustrial apolications of collagen, a5 well 2= for
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3Australian Synchrotron, Melbourne, Victoria, Australia

ABSTRACT
Mitigating Environmental Risks of Chromium from Leather Waste

There are environmental concerns around the possibility of chromium leaching into the
environment from the disposal of chromium containing leather waste. Waste from chrome-
tanned leather, both post-consumer and tanning industry scrap, must therefore be disposed
of in an acceptable manner. We considered the option of producing biochar from leather
waste and using this as a soil amendment. Chrome tanned leather was heated in an oxygen
deficient environment at temperatures ranging from 500-1000 °C to form a char. The
leaching characteristics of this char in 1 M HCI was measured. The chemical form of Cr in
the char was analysed by synchrotron based Cr K edge X-ray absorption spectroscopy. It is
found that there is minimal leach of Cr biochar in contrast to leather scap. The Cr is present
in the char as highly dispersed Cr carbide, an insoluble and very stable material, and this
accounts for the insolubility of leather char. Biochar made from leather waste largely
eliminates the environmental availability of chromium from the waste and may be beneficial

to the environment as both a soil enhancer and for long term carbon sequestration.
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ABSTRACT
Structure and Strength of Neonatal Pericardium for Heart Valve Applications

Malfunctioning heart valve leaflets are surgically repaired by percutaneous delivery of
replacement leaflets bioengineered from pericardium tissue. Replacements for the heart
valve leaflets can be constructed from bovine pericardium. The strength of the material for a
long life in service is of crucial importance; the thickness of the replacement material is also
important as the device must fit through the inner diameter of arteries, some of which may
narrowed. Neonatal bovine pericardium is thinner than adult pericardium. This research aims
to provide a greater understanding of the properties of this biomaterial and the structural
basis for these properties. The nanostructure of neonatal and adult bovine pericardium
tissues are characterised by synchrotron-based small angle X-ray scattering (SAXS) and
compared with the mechanical properties of these materials. Significant differences in
structure were found between neonatal and adult tissue. The neonatal tissue has a higher
degree of collagen alignment (orientation index (Ol) = 0.78) than adult pericardium (Ol =
0.62). The neonatal tissue also has a higher elastic modulus of 83.7MPa (than adult of 19.1
MPa) and a higher normalised ultimate tensile strength of 32.9MPa (adult 33.5 MPa).The
higher alignment of collagen fibrils in neonatal pericardium provides the material with its
increased strength. The physical properties of neonatal pericardium indicate it would be a

suitable material for the heart valve leaflet replacements.
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Appendix Two — Conference Papers

1) Symposium and conference paper presented at 65" Annual Leather and Shoe

Research Association Conference, 13" August 2014, Wellington, New Zealand.

Hannah C. Wells!, Katie H. Sizeland®, Richard L. Edmonds?, William Aitkenhead?, Peter

Kappen®, Chris Glover®, Bernt Johannessen?®, Richard G. Haverkamp.

! School of Engineering and Advanced Technology, Massey university, New Zealand
’Leather and Shoe Research Association, Palmerston North, New Zealand

3Australian Synchrotron, Melbourne, Victoria,Australia

Forming Biochar from Leather Waste to Reduce

Leaching of Chromium into the Environment

Reproduced from: ACS Sustainable Chem. Eng. (2014) 2, 1864-1870 © American Chemical
Society.
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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 ’, 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 ' 7 and sites

where Cr(VI) is present can require remediation 2.

Current and proposed leather disposal methods include: extraction of Cr before disposal  *
4 disposal to wetlands for vegetation to absorb the Cr % production of other reconstituted
structural materials to bind the Cr in new products * ?; and heating leather in an oxidizing
environment to create a residue with soluble Cr '® 2. Cr contained in or on particulates from
the burning of coal and biomass (in the presence of oxygen) can produce Cr(VI) %.

Therefore, it is possible that burning leather may also generate Cr(VI), which is undesirable.

9.8% m Green fleshings

18.1%
® Chrome leather

m Packaging

20.7% g Chrome sludge

7.1%
m Green skin
5.3% m Lime fleshings
4.5% = Hair/Wool

m Screenings

Other

17.4%

10.1%
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Figure 2: Breakdown of waste dumped in New Zealand landfills by the leather industry®®®.

We have proposed that the production of biochar, carbonized organic matter, from waste
leather may be a better alternative to other disposal methods'. 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 CO,. Biochar also has the demonstrated benefit of improving
agricultural soil productivity?. Carbonized leather has previously been considered as a
disposal option, with the suggestion of producing an activated carbon product for filtration

applications 2" %,

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 CO, environment, no soluble Cr is detected over a wide pH range in contrast

to untreated, chrome-tanned leather "

. It is also important that the Cr is resistant to
oxidation, since both Cr oxidation and reduction between the Cr(Ill) and Cr(VI) couple * 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 "% %.

The chemical nature of Cr in leather has been characterised: Cr sulfate is used during

tanning, and Cr bonds to the leather’s collagen® ?°

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 non-oxidising environment, the chemical

state of the Cr was not determined, despite some interest in doing so'.

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
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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.

Pyrolysis
-500°C _ .
-600°C Cr leaching tests (1 Cr chemistry
Leather === _600°C | M HCI) on the = analyzed using
-800°C biochar XAS
-1000°C

XANES EXAFS
«

Absorption

\

Energy
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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™. The leachable Cr was measured with duplicate samples of char (5 g) leached in
100 mL of 1 M HCI while shaken for 15 hours at room temperature. The Cr content of the
aqueous HCI leachate was then assessed in duplicate with a Varian 220 SpectrAA using a

standard industry test method™®.

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''. 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™".

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
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600 °C* 7.39 (0.04) 0.0007
600 °CT 11.8 (0.8) 0.08
800 °Ct 125 (0.1) 0.06
1000 °Ct 15.4 (0.1) 0.03

*Larger reaction vessel. TFinely 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 Cr,(SO4);.xH,O. 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 Cry(S04)3.xH,0O and Cr,C; is around £ 5 %.

Sample Cry(S04)3.xH,O (mol % | Cr,Cs (mol % Cr) R factor (x10™), x°
Cr)

Biochar 93 7 1.7, 0.027
500°C*

Biochar 77 23 3.4, 0.051

600°C*

Biochar 600°C | 59 41 5.6, 0.081
Biochar 800°C | 35 65 5.8, 0.081
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Biochar 12 88 2.2, 0.031
1000°C

*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 3. 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 (A\), coordination | Cr-Cr (A), | Cr-Cr (A),
number coordination coordination number
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?. The charcoal
or biochar matrix within which the Cr is contained is also known to be very stable in soils®.
The addition of charcoal to soil enhances the agricultural productivity of the soil, for example
in the traditional terra preta soils from South America'® but also in more recent studies of soil

productivity®.

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
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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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Microstructural Characterization of Looseness in

Bovine Leather using Ultrasound

INTRODUCTION

Around 5-10% of bovine leather produced displays a defect known as looseness'. The
defect looseness appears as undesirable wrinkles on the leather surface and results in a
significant reduction of value of the affected hide. An entire finished leather is deemed
rejected when looseness appears more than half-way up one side of the leather, and the
leather becomes waste. The test for looseness involves a simple break test that occurs in
the latter stages of the processing line, where an operator folds a piece of leather with the
grain side in to observe and rank the surface wrinkles. The significant proportion of reject
leather in the late stages of processing results in a significant waste of processing time and
resources for leather tanneries. Despite the substantial loss in profit due to looseness, the
industry has little understanding of the structure of loose leather and the causes. This work

aims to gain more of an understanding of this.
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MATERIALS AND METHODS

Leather preparation

Hides, weighing around 35kg, were obtained part-processed from either a local tannery or a
pilot tannery. They had been green fleshed and processed using a conventional recipe
based on sodium sulphide, sodium hydrosulfide and lime, where they were added to a 4 m
diameter by 3.8 m wide drum along with the chemicals to depilate and open up the structure
in order to removal of non-collagenous proteins. Around 8500 kg of hides were processed at
a time and hides were removed from the rotating drums after 8 h of liming. They were then
lime split to a thickness of 2.5-4.0 mm. It was through the lime splitter that the hides with
more “draw” than others were selected for further processing at the LASRA pilot tannery with
the hope of selecting some hides that produced loose leather for analysis. A conventional
recipe for shoe leather production was used for onward processing at the LASRA pilot
tannery. Selected hides were sammed and sett, toggle dried at 40°C and conditioned prior to

Molissa staking.

Looseness Evaluation

The standard break test method was used to evaluate looseness in the crust leather?. This
test involves folding the leather inwards grain side up and scoring the size of the surface
wrinkles against a standard break scale. From the prepared leather, three crust leathers
were selected and divided into five regions. Samples were taken from each region. Two
operators measured and scored each leather sample and the results were averaged. From
these scores the samples were deemed either loose or tight. Samples were considered tight
if a break score of three or less was given, and loose if they had a break score of five or

greater. Samples between 3 and 5 were not evaluated in this study.
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Ultrasonic Imaging

A Dermascan C USB instrument (Cortex Technology, Denmark) was used for the ultrasonic
measurements. A 20 MHz 2D-scanning probe with an internal water chamber was used to
carry out the scanning at 6-8 frames per second. To achieve good image quality and
minimize signal attenuation the scans were carried out under water and after the leather had
been soaked for at least 24 h. Calibration of the sound velocity in leather was carried from
the time of signal reflection and found to be 2561 m/s. The set bandwidth is 0.75 which
results in an axial resolution of 97um. The lateral resolution is set according to the
mechanical scanning of the transducer at 150 um. The focal point sits at a depth of 13 mm
which falls approximately within the leather sample. A custom gain profile was created and
the gain level was used for smaller adjustments of the signal amplification to improve signal
penetration and image quality. The custom gain profile had a minimum sound intensity of 21

dB near the grain surface, increasing steadily to 42 dB within the corium.

Scanning electron microscopy

Samples were fixed for 8 h in a modified Karnovsky’s fixative at room temperature. This was
followed by three washes in phosphate buffer and dehydration in a graded ethanol series.
Samples were critical point dried using the Polaron E3000 series Il critical point drying
apparatus with liquid CO, and ethanol. Samples were then mounted on to aluminium stubs
and sputter-coated with gold (Baltec SCD 050 sputter coater) before being viewed in the FEI
Quanta 200 Environmental Scanning Electron Microscope at an accelerating voltage of
20kV.

Small angle X-ray scattering

The Australian Synchrotron SAXS/WAXS beamline was used to record diffraction patterns.
The beamline has an energy resolution of 10™ from an undulator source and a cyro-cooled
Si (lll) double-crystal monochromator. The beam size is 250 x 150 ym full width half
maximum (FWHM) at the sample, and has a photon flux of around 2 x 10" ph/s. Diffraction

patterns were recorded with an exposure time of 1-2 s and an X-ray energy of 11 keV. A
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Pilatus 1M detector was used with an area of 981 x 1043 pixels, a sample-to-detector
distance of 3371 mm and an active area of 170 x 170 mm. To calibrate the energy at
9.659keV, the zinc-K edge from zinc foil was used and maintained within 2 eV of the nominal

energy.

For data collection, the samples were mounted individually on a remotely controlled sample
plate and placed in the path of the X-ray beam. Spectra were recorded from the grain to the
corium at 0.2 mm increments under constant humidity conditions. The SAXS diffraction data

was processed using SAXS15ID software.

To measure the spread of orientation of the collagen fibrils within samples the Orientation
Index (Ol) was calculated. Ol was calculated from the range in azimuthal angle of the most
intense Bragg’s peak at around 0.058-0.060 A™!, and is defined as (90° - OA)/90° where OA
is the minimum azimuthal angle range that contains 50% of the fibril scattering intensity
centred around the maximum peak intensity. An Ol value of 0 indicates a completely
isotropic orientation of fibrils within a material, where as an Ol of 1 indicates completely

parallel fibrils to each other.

Tear and tensile test

A standard method for double-edge tear testing was used to determine tear strengths™ *.
After being cut to size, samples were stored at 20°C and 650 g kg™ relative humidity for 24 h
before tear tests were carried out using an Instron 4467. Thickness was recorded using
method BS EN ISO 2589:2002. Six measurements were taken on both loose and tight

leather, 3 being parallel and 3 being perpendicular to the line of the backbone of the animal.

RESULTS AND DISCUSSION

Looseness in leather results from a structural deficiency which weakens the connections
between layers within the leather structure. Until now, the details on the structure, and the
region that the structural weaknesses occur, have not been known. Therefore we have

investigated cross sections of leather with multiple structural characterisation techniques in
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order to gain a better understanding of looseness and how it occurs. Below are the results

and structural characteristics observed from each technique:

Break and Looseness

Loose leather displays larger wrinkles than tight when folded inwards towards the grain. An

example of break for a loose (break of 7) and tight (break of 1) is shown in Figure 1. below.

Figure 1: Comparison of the break in a) tight leather (break = 1) and b) loose leather (break
= 7). Photos were taken of the concave surface of the grain while simulating the break test.
Scale bar 10 mm. Figure 1 from J Sci Food Agric DOI: 10.1002/jfsa.7392.

Small Angle X-ray Scattering

SAXS analyses of cross sections of loose and tight leather showed a difference in fibril Ol.
Loose leather had a relatively uniform Ol throughout the thickness of leather in comparison
to tight leather, which showed a larger change in Ol between the grain and corium regions.
In tight leather, the corium had a much lower OI, suggesting a more isotropic fibril
arrangement. Overall, loose leather had a higher average Ol throughout the entire thickness
of 0.61 (o = 0.01) compared with 0.43 (o = 0.03) for tight leather, P < 0.001 for a = 0.05).
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Ultrasonic Imaging

Clear differences can be seen between the ultrasonic images of tight and loose leather, as

demonstrated in Figure 2.
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Figure 2: Ultrasonics image of a,c,e,g) tight leather and b,d,f,h) loose leather (scale bar 1
mm). The grain is at the top of each image and the image was taken from the grain side.
Some of the corium (bottom of the leather) is not visible as the ultrasonic signal is greatly

attenuated as it passes thought the sample positions of these samples with their looseness
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scores are tight: a(2), c(2), d(2) all OSP, g(2.5) upper axilla; loose b(7) belly, d(6) lower
axilla, f(5) belly, h(6.5) lower axilla. Figure 2 from J Sci Food Agric DOI: 10.1002/jfsa.7392.

We observe a band region of low intensity in the scans taken of loose leather that is not
apparent in the tight leather. This band region could represent a less dense region of
collagen fibres, with space or gaps existing between collagen fibres. The gap regions shown
in the images would be filled with water due to the images being taken while the samples
were submerged under water, however usually these gaps would be air gaps. Tight leather
appears to have a very uniform and dense packing of fibres in the grain and grain-corium

regions.

SEM

Scanning electron microscope images of tight and loose leather samples show also show a

number differences between sample types.

Figure 2: SEM images of leather cross sections. (a, c) are of tight leather and (b, d) are of
loose leather from the grain-corium boundary region. Scale bar for (a, b) is 2 mm, and 300
pum for (c, d). Figure 3 from J Sci Food Agric DOI: 10.1002/jfsa.7392.
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Firstly, tight leather appears to have a larger grain structure region than loose (Figure 3 a,b).
This grain layer contains densely packed fibrils in both the tight and loose samples; however
the loose samples appear to contain a region just below the grain where there are larger
gaps between fibre structures. When viewed under a higher magnification, the difference in
structure between the loose an tight samples around the grain-corium junction area is more
obvious (Figure 3 c,d). The loose leather has larger cavities around the grain-corium
boundary, whereas the tight leather does not appear to have these larger cavities and

instead contains more uniform densely packed fibres.

Tear and tensile strength

Tear and tensile tests determined that loose leather was significantly stronger than tight with
an average tear strength of 130 (o = 61) N/mm, compared with 73 (o = 10) N/mm (t = 16, P
< 0.001 for a = 0.05).

From the results collected from ultrasonic imaging, electron microscopy and SAXS it
appears that loose leather has poorer inter-layer connections due to less over-lap of
collagen fibre layers, resulting in a looser packing arrangement around the grain-corium
junction region. This looser packing arrangement causes larger gaps in the structure and
means the loose leathers are not as well held together as the tight, causing the grain to
come apart slightly from the corium. The separation of the two layers causes the wrinkled

appearance on the grain surface of loose leather in a break scale test.

The ultrasonic imaging is able to pick up on this looser packing arrangement, displaying a
less dense band around the grain-corium boundary. This characteristic is similar to what is

seen below the dermis of aged or sun damaged skin®.

SEM images also reveal the larger gaps between fibre bundles in the looser sample, and
images taken under a higher magnification also confirms this on a finer scale, with evidence

of loose packing not only between fibre bundles but within fibre bundles of loose leather.

The SAXS Ol profiles of loose and tight leather showed quite different results with loose
leather having a much more aligned and uniform packing arrangement throughout the
thickness of the leather. In studies carried out previously, Ol profiles of strong tight bovine

leather typically show a dip in Ol around the middle layers of the leather, similar to what is
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shown here for tight leather®. It appears that the absence of this feature in loose leather
could be contributing to the lack of interconnections between layers of fibres, since fibres are

not crossing over each other as much.

According to the tear and tensile tests, loose leather is stronger than tight, initially this may
seem surprising. However an explanation can be provided that is consistent with the rest of
the analytical results and previous work on the strength of leather and other collagen
materials” ® °. It is known that fibril orientation has a large influence on a material’s strength
since collagen fibrils are strong along the length of the fibril, however a much weaker
bonding strength exists between fibrils. Therefore strong leather results when fibrils are
highly aligned in the plane of the leather and the direction of stress in a tensile test.
However, if the fibrils become too aligned, the fibrils are unable to maintain connections
between each other and gaps are able to form, causing loose leather. Therefore, it can be
said that optimal leather structure exists when the collagen fibres are aligned to give
sufficient strength, but not so aligned that interconnecting layers are compromised and gaps

or looseness is able to form.

CONCLUSION

Looseness appears to be a structural leather defect that is due to poor connectivity between
layers of collagen fibres near the grain-corium boundary of leather. The higher alignment of
the fibres in loose leather effects the lateral connections between fibre layers, and results in
a loose packing arrangement. When loose leather is folded during a break test, the grain and
corium layers become separated and wrinkles appear on the surface, giving poor break
scores. A separate study is looking into whether looseness varies among different animals —
for example, varying breed, age, condition, sun exposure and feed composition. Further
investigation into why variations may cause looseness would then be an interesting topic to

investigate.
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Collagen structure and strength in leather

ABSTRACT

Strength is an important property of leather. However the structural basis of strength in
leather is not well understood. We have used synchrotron based small angle X-ray
scattering combined with atomic force microscopy and electron microscopy to learn
about the structure and strength of collagen materials under a variety of conditions. We
have found that collagen alignment in the plane of the leather correlates strongly with
strength in bovine and ovine leather and across a range of other mammals. Collagen
fibril diameter has a weak correlation with strength in bovine leather. Changes in
thickness and dryness during processing affect fibril orientation. Fat liquor modifies the
native collagen structure in a systematic way. Strong leather is better able to distribute
applied stress across the full thickness of leather than weak leather. These factors

provide a better understanding at the nanostructural level of strength in leather.
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INTRODUCTION

A large portion of leather produced globally is used for the production of footwear,
upholstery and clothing, and many of these applications require good quality leather.
One important property of leather is its strength. The strength of leather is largely
dependent upon the properties and behaviour of the fibres that make up the material.
Leather consists of long collagen fibres that interlink to form a mesh-like structure. The
collagen fibres are held together in the mesh-like structure through cross-links, either
natural or synthetic.

Small angle X-ray scattering has been used to determine structural characteristics of
various leather materials with ranging strengths. The manner in which collagen provides
strength to leather and the reason strength varies in different leather materials is the

subject of this paper.

MATERIALS AND METHODS

Ovine, bovine and other animal leathers were prepared using conventional beamhouse

and tanning processes with chrome tanning.

Synchrotron based small angle X-ray scattering was used to investigate the collagen
structural arrangement °. This enables changes in the extent of orientation of the
collagen fibrils to be quantified and the internal stress on the individual collagen fibrils to
be measured *. Diffraction patterns were recorded on the Australian Synchrotron
SAXS/WAXS beamline, utilizing a high-intensity undulator source. Energy resolution of
10 was obtained from a cryo-cooled Si (111) double-crystal monochromator and the
beam size (FWHM focused at the sample) was 250 x 80 pym, with a total photon flux of
about 2 x 10" ph-s™. All diffraction patterns were recorded with an X-ray energy of 11

keV using a Pilatus 1M detector with an active area of 170 x 170 mm and a sample-to-
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detector distance of 3371 mm. Exposure time for diffraction patterns was 1 s and data
processing was carried out using the SAXS15ID software ''. The partially processed
leather samples were mounted onto a sample plate and sealed using kapton tape to

prevent drying during X-ray analysis.

Orientation Index (Ol) is used to measure the spread of orientation of the collagen fibrils.
It is calculated from the azimuthal angle spread of the most intense Bragg’s peak at
around 0.058-0.060 A". Ol is defined as (90° — OA)/90° where OA is the minimum
azimuthal angle range, centered at maximum peak intensity, that contains 50% of the
fibril scattering intensity. An Ol value of 1 indicates that the fibrils are completely parallel

to each other, while a value of 0 indicates orientation of the fibrils is completely isotropic.

Tear strengths were determined using standard methods for double-edge tear testing %"
1. Samples were cut and stored at 20 °C and 65% relative humidity for 24 hr before the
tear strength was measured using an Instron 4467. Thickness was measured using
method BS EN ISO 2589:2002.
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Figure 1. The SAXS experimental setup. Meridional and equatorial scattering from a

sample containing well-oriented collagen fibrils.

RESULTS AND DISCUSSION

The collagen alignment in the plane of the leather is found to correlate strongly with
strength in bovine and ovine leather * and across a range of other mammals * (Figure
2). Collagen fibrils are strong in the direction of the length of the fibril but connections
between fibrils determine the strength of a collagen based material in the direction at
right angles to the fibrils. These connections are relatively weak. These connections in
green hide are largely glycosaminoglycans but these are removed during tanning and
cross-links between fibrils are probably chromium complexes. The strength of these

linkages is apparently much less than the strength of the collagen fibrils, and therefore
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collagen materials are stronger in the direction in which the majority of fibrils are

oriented.
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Figure 2. a) Orientation index versus tear strength for the averages of each of the
leather types measured through the edge parallel to the backbone. Error bars for one
standard deviation.; b) Orientation index versus tear strength for a range of animals. a)
from J. Agric. Food Chem. 59(18) 9972-9979 ©American Chemical Society; b) from J.
Agric. Food Chem. 61(4) 887-892 ©American Chemical Society.

It is possible with SAXS analysis to take points through the thickness of leather and
observe the behavior of the collagen fibril orientation and strain during strain of the
leather. We have found that there is a difference in the response to strain of strong and
weak leather. Strong leather is better able to distribute applied stress across the full
thickness of leather, and the load is taken up fairly evenly by the collagen fibrils
throughout, whereas in weak leather there are points of high and of low stress within the
leather. Failure therefore is likely in weak leather at lower overall stress because it will be

initiated at the regions where stress is concentrated °.

Collagen fibril diameter has been shown to have some influence on strength in tendons

" We have found a correlation of collagen fibril diameter with strength in bovine leather
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where for larger diameter fibrils are present in stronger leather ** although the correlation

is not very strong (Figure 3).

80

Tear Strength (N/mm)

560 580 600 620
Fibril Diameter (A)

Figure 3. Collagen fibril diameter versus tear strength for bovine leather r* = 0.59, t =
3.4, P = 0.009 (for slope). Each point is the average value from 12-20 diffraction
patterns. From J. Agric. Food Chem. 61(47) 11524-11531 ©American Chemical Society

Other factors have been shown to affect the orientation of collagen fibrils in leather. In
particular, changes in thickness during processing results in a change in measured
orientation index, with thicker stages having lower Ol, but without fundamentally altering

the structural arrangement of the collagen *.
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Figure 4. Collagen D-spacing versus measured fat liquor content for ovine leather. Each
point is taken from the average of about 20 scattering patterns. Adapted from data
presented in J. Am. Leather Chem. Assoc. , 110(3) 66-71 with the difference that here

we show measured fat content rather than offered fat.

One of the final stages of leather manufacture is the addition of fat liquor to increase
strength and impart suppleness to leather. We have investigated the action of fat liquor
and find that it penetrates to the level of collagen fibrils and penetrates the fibrils to alter
the structure of individual fibrils. This is evident in linear change in D-spacing with fat
liquor content (Figure 4) *. However, despite the penetration within the collagen fibrils,
the lubrication action of fat liquor appears to apply only at a structural level of fibers not

fibrils

The contribution of the mechanical properties of individual collagen fibrils to the
mechanical properties of the tissue which they comprise has also been studied *°. It was
found that the collagen fibrils under tension exhibit a high Poisson’s number, greater
than 0.5 (Figure 5). This means that as a fibril is stretched the diameter contracts at an
unusually high rate, resulting in a diminishing overall volume of the fibril. This is likely to
impart a particular resistance to strain and could be a contributing mechanism to the

strong an elastic properties of collagen.
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Figure 5. Schematic of a collagen fibril when stretched.
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CONCLUSION

Fibril orientation was found to have a significant influence on the overall strength of
leather, with higher fibril alignment in the plane of the leather leading to higher strength in
that direction. Weak interactions exist between fibrils at right angles to the length of
fibrils. Strong leather, with highly aligned fibrils in the plane of the leather, distributes an
applied load more evenly through the thickness of the material compared with weak
leather. Weak leather tends to have regions of high and low stress, which leads to failure
at a lower load. Collagen fibril diameter was also shown to have a small influence on
overall strength in bovine leather. When fibril diameters were combined with d-spacing
values to calculate the Poisson’s ratio, it was found that collagen exhibits a high Poisson
ratio under stress, a characteristic that is unlike most engineering materials. By studying
the collagen fibril component of leather including the orientation of the fibrils, the
diameter, the changes with processing and chemistry and the behaviour under strain, it
has been possible to understand better some of the strength and mechanical properties

of leather.
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Appendix Three — Client Reports and Articles

Three reports have been written and presented. These were:

1) Katie. H. Sizeland, Hannah. C. Wells, Melissa. M. Basil-Jones, Richard. L.
Edmonds, Richard. G. Haverkamp “Leather Nanostructure and Performance”
International Leather Maker 2014 Sept/Oct p30-34

2) Richard G. Haverkamp, Hannah C. Wells, Katie H. Sizeland, “Preliminary
Comparison of the Collagen Fibril Structure of Bovine and Porcine Derived Acellular
Dermal Matrix Materials” Pilot report prepared for TEI Biosciences Inc., Boston, USA
2014.

Leather Nanostructure and Performance

Katie H. Sizeland!, Hannah C. Wells!, Melissa M. Basil-Jones!, Richard L. Edmonds?

Richard G. Haverkamp'*

'School of Engineering and Advanced Technology, Massey University, Palmerston North,

New Zealand: *Leather and Shoe Research Association, Palmerston North, New Zealand.

*r.haverkamp@massey.ac.nz

One of the very important properties of leather is its mechanical robustness including the
tensile strength, tear resistance and flexibility. If one had a deep understanding of how this
natural material achieves these properties, it might be possible to modify and improve
aspects of the mechanical performance of leather. Here we describe how we have used
some of the most sophisticated tools and techniques available to learn more about the
structure of leather at the nanoscale and to relate this structure to the physical properties of

leather.
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Leather composition

Finished leather is primarily composed of type | collagen but also contains a myriad of other
components in smaller quantities such as fats or oils, other proteins such as elastin, and
cross-linking agents such as tannins or chrome. Each of these components may make some
contribution to the physical properties of the leather. Because the major component of
leather is type | collagen, we have focused first on its structure and have investigated how
the fibrils of collagen are arranged in leather. We have studied how this arrangement varies

among leather that has different physical properties and in leather when it is strained.

Structural analysis of leather via synchrotron based SAXS

The technique we have employed to quantify the collagen structure at the nanoscale is small
angle X-ray scattering (SAXS). This technique was invented in the late 1930’s. However,
only recently has the technique been able to provide the sort of precise and detailed
information that is useful for understanding leather structure. This has been possible with the
advent of synchrotron based SAXS. Synchrotrons are large and expensive facilities that
cater for a wide range of scientific studies. At the heart of the synchrotron is a ring, typically
over 100 metres in diameter (Figure 1), with a stainless steel pipe pumped free of air inside.
Bundles of high energy electrons, contained by a series of magnets (figure 2), circulate
inside the ring at close to the speed of light. This travelling bundle of electrons is the source
of X-rays of whatever energy you require or of other electromagnetic radiation such as UV,
visible light or infrared radiation. For SAXS we use X-rays. To create the X-rays a device
called an undulator is placed at one point on the ring. This causes the electrons that pass
through to change direction producing X-rays. These X-rays are directed to the SAXS
analysis equipment contained in a radiation proof hutch where samples to be investigated
are placed (Figure 3). The X-ray beam can be tightly focussed (0.15 x 0.08 mm) and is fired
through the piece of leather to be analysed. Most of the X-rays pass straight through but
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some X-rays are scattered by the structure of the collagen. It is these scattered X-rays that
are collected by a detector and the position of these X-rays provides a wealth of information
on the dimensions, arrangement and other features of collagen fibrils in the leather.

Figure 1. The Australian Synchrotron, like most synchrotrons, is housed in a round building
because the electrons travel in a ring with a large diameter.
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Figure 2. Magnets around the stainless steel pipe that contains the high energy electrons

control the position of the electrons within the pipe as it goes around the synchrotron ring.

H. Wells 258



Figure 3. Mounting leather samples for analysis inside the SAXS hutch at the Australian

Synchrotron.

What we can measure

From SAXS analysis of leather we have been able to extract four useful categories of
information on the collagen structure. These are: 1) the average orientation of the collagen
fibrils (which direction they are aligned in); 2) the spread of orientation of the fibrils (are they
anisotropic or isotropic); 3) an accurate measure of the d-banding in the collagen (and this
can tell us about the stress experienced by individual fibrils); and 4) the diameter of the
collagen fibrils. Leather is of course a three dimensional material so measures of orientation
can be in three orthogonal directions. By correlating some of these properties with
mechanical tests of leather we can infer how changes in the structure of the collagen may

affect the mechanical properties.
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Collagen fibril orientation and tear strength

We looked at the variety of collagen structural factors we could measure and compared
them with tear strength of leather to see if any were correlated. We did find a strong
correlation in one of these. The tear strength for leather samples from about 600 ovine and
bovine skins or hides (taken from the official sampling position) were measured using
standard test methods. The collagen fibril orientations for these samples were measured
using SAXS. We can quantify the collagen fibril orientation using an orientation index (Ol)
where an Ol of 1 represents all fibrils are perfectly aligned (anisotropic) whereas an Ol of 0
signifies a fully isotropic arrangement™. We found that there is a statistically very robust
correlation between the tear strength and the fibril alignment in the direction edge on to the
leather™ (Figure 4a). Measured flat on (i.e. normal to the leather surface) there is not a
strong correlation, it is only the edge on measurements that relate to tear strength. This
correlation was also seen for a number of other mammals across a wider tear strength
range'® (Figure 4b). (Note that for the other mammals the figures do not necessarily
represent average strength values for the species, but only for the samples we used.) In
other words when the collagen is aligned in parallel planes the result is stronger leather. We

have described a model to explain this relationship'®.
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Figure 4. Leather tear strength and collagen fibril orientation. The orientation is measured
edge on to the leather: a) Ovine and bovine leather (each point represents the analysis of
samples from many skins); b) Other mammals (each point, excluding sheep weak, sheap
strong and cattle, represents a sample from one skin). © American Chemical Society. Figure
(a) from J. Agric. Food Chem. 59 (18), 9972-9979 (2011); Figure (b) from J Agric Food
Chem 61 (4) 887-892 (2013).

What happens to the fibrils when leather is stretched?

It is possible with synchrotron based SAXS to measure the changes in the structure of the
collagen fibrils in leather as a piece of leather is stretched. We built a stretching apparatus to
measure the stress-strain on pieces of leather while simultaneously recording SAXS
patterns. We found that when leather is stretched the first thing that happens is the fibrils
begin to become more aligned in the direction of the applied force (this can be seen by an
increase reduction in the Ol). After about 15% extension, not much further alignment takes
place but instead the individual collagen fibrils start to stretch (with little more alignment

taking place)'?>. We can see the stretching because the change in d-spacing of collagen,
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which is obtained from the SAXS, provides a measure of the force experienced by individual
fibrils.

Differences through the thickness of leather

We also looked at how the arrangement and structure of collagen fibrils in leather varies
through the grain and the corium both in a relaxed state and when under stress. The fibril
orientation changes through the thickness of leather, as one would expect. We also found
there are significant differences between bovine and ovine leather and especially between
strong ovine leather and weak ovine leather. When strong leather is stretched, the tension is
taken up by the fibrils through most of the thickness of the leather (which we can see from
the d-spacing natural internal stress gauge), whereas when weak ovine leather is stretched
the force is taken up unevenly. Hence it is not surprising that the leather with an uneven load

distribution breaks at a lower force.

Fibril diameter and tear strength

There had been some suggestions for materials, such as tendon, that suggested fibril
diameter is also important for strength with larger diameter collagen fibrils resulting in
material with higher strength. We have also looked at this using SAXS to measure the fibril
diameter and we did find a correlation for bovine leather, however it was only a weak

correlation, and we did not find one for ovine leather?'®,

Other aspects of leather structure and strength
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There are many other aspects of leather structure and processing we can investigate with
these techniques. We are now looking into changes to leather structure during processing.
For example, when fat liquor is added to leather, what effect does it have on leather
structure and how does it lubricate the fibres? How are the dynamics of leather stretching
changed by the addition of fat liquor? We have discovered some interesting things and this
work will shortly be submitted to the academic literature. What about the changes that take
place in the processing of hide or skins to leather through each step of the conventional
leathermaking process? It would be interesting to understand how each of these steps alters
the collagen fibril arrangement and structure and why. We have nearly completed this work
and are preparing a contribution for publication. We have also looked in more detail at what
happens to collagen fibrils during stretching — how much thinner they get when they are
stretched — and what implications this might have for the properties of the materials they

form.

How can we use this information?

We hope that these fundamental investigations into collagen will ultimately be useful to the
craft of leathermaking. If we understand how the arrangement of collagen differs in different
leathers, how collagen behaves under stress, and what chemical processing does to the
structure of collagen we may have the ability to control and manipulate these changes to

produce improved or more consistent leather products.
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consented to their work being included in the thesis and they have accepted the candidate’s
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