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Abstract

The avian eggshell is a highly ordered bioceramic with both inorganic and organic
constituents. The eggshell takes approximately 18 hours to form in the shell gland region of
the hen’s oviduct, a process which is repeated every 24 hours in modern hybrid laying hens,
which are capable of laying in excess of 300 eggs per annum. Although the formation of the
egashell is rapid, it still results in a structure that is highly organised and which displays
unique functional properties that depend on the interplay between its mineral and protein
phases. The interactions between the tnorganic and organic components during the
formation of the cggshell however are poorly understood but it is fikely that they accur at the
nanometer level. ‘Thus, it is hypothesised that structural vartation at ihe nanostructural level

will impinge on the overall structural integrity and mechanical performance of the eggshell.

In this thesis, X-ray diffraction (XRD), small angle X-ray scattering (SAXS) and microfocus
small angle X-ray scattering ((LSAXS) were applied to investigate the nanostructure of the
eggshell. A descripiion of these different techniques is given in Chapter 2 along with
theoretical considerations as to how the resulting data presented in subsequent chapters was

analysed.

In Chapter 3, thin sections of normal and abnormal eggsheils, where the layers were
structurally intact, were analysed using HSAXS. The results of this experiment suggest that
there are nanostructural [eatures within the different layers of normaf eggshells, especially in
the mammillary layer. The size dimensions of these nanopores/nanovoids were subsequently

estimated to be between 3 — 5 nm in both visually normal and abnoimal eggshells. tHowever,

17




despite being of similar size, the distribution of these nanopores or voids was found to be

disrupted in the abnormal eggshell samples,

Tn Chapter 4, XRD and SAXS were used to analyse powdcred eggshell samples which
represented different stages of gestation. In this case, the diffraction and scattering data
produced were used to calculate an average size measurement of the structural features
within bulk eggshell samples. The X-ray diffraction data indicated that the crystallite sizes
were large, between 54 — 232 nm. However, size dimensions of approximately 5.7 — 7.2 nin
were observed from the analysis of the SAXS data confirming the hypothests that SAXS was

measuring nanovoids within the crysiatlites arising trom the presence of embedded protein.

A further study using SAXS to compare the nanostructural features of eggshells of varying
mechanical strengths is presented in Chapter 5. Here, powdered eggshells from young and
aged hens were compared and foumd to contain an average nanovoid size value of
approximately 5.9 nm and 5.8 nm, respectively. These size dimensions were confirmed by a
parallel study in which mercury intrusion porosimetry was used to investigate pore size
distribution. It was concluded that the average size of nanovoids is comparable in eggs of

different mechanical strength.

Chapter 6 describes the results of an investigation in which SAXS was used to monitor the
nucleation events which take place when calcium carbonate is grown ir vifre with and
without the presence of eggshell proteins. The results of this study although preliminary
suggest that the initial nucleation cvent is extremely rapid and provides a unique insight into

the size of the calcium carbonate crystals which initially form.
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The main conclusions from this thesis are summarised in Chapter 7, i relation to the effect
that changes in eggshell nanostructure could have on the overall structure and function of

this complex biomineralised structure. Potential further studies are also discussed.
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Chapter |

Introduction

1.1 Biomineralisation

Biomincralisation is the process of inorganic material deposition by living organisms.
Studying this process involves cxamining the formation, structure and properties of
inorganic material in biological svstems, Deposition includes the uptake and extraction of
particular elements from the local surroundings and the incorporation of these elements into
functional structures that are formed under biological control (Manmn, 2001).
Biomineralisation has becn studied cxtensively in many bioloegical systems including bones,
teeth, corals, mollusc shells and eggshells. Within all {five kingdoms (monera, protoctista,
fungi, plantae and animalia) organisms can produce minerals; therefore, biomineralisation is
widespread (Lowenstam, 1981; Addadi and Weiner, 1992). There are more than sixty
different minerals that are formed by living organisms, including organic crystals, inorganic
crystals and amorphous minerals (Lowenstam and Weiner, 1989). Biomineralisation is
involved in many important functions within organisms, these include support, protection,
storage, motion, cutting/grinding, optical/magnetic/gravity senstng and mechanical strength

(Mann, 2001).

Approximately 50% of all known biominerals are calciom derivatives (Addadi and Weincr,
1992). Calcite (avian eggshells), aragonite (motllusc shells), vaterite (shells of gastropods),
calcium carbonate monohydrate, calctum carbonale hexahydrate and amorphous calcium
carbonate (plant leaves) have different lattice structures but the same principal composition.

Calcium carbonate monohydrate and calcium carbonate hexahydrate seem to be precursors

20




for the anhydrous forms of calcium carbonate (Mikkelsen et al., 1999; Tlili ef al., 2001)
The most thermodynamically stable polymorph of calcium carbonate at normal atmospheric
temperatures is calcite. Rhombohedral calcite is shown in Figure 1.1. Amorphous calcium
carbonate is a transient precursor phase of calcite and aragonite and is important in many
calcium carbonate formation processes. It is easily dissolved and is hard to detect when

associated with a crystalline form of calcium carbonate (Addadi e al., 2003).

Figure 1.1  Calcite in its rhombohedral form grown on an eggshell membrane.
Scanning electron micrograph courtesy of the Poultry Research Unit, University of

Glasgow.




Biclogically controlted mineralisation results in the deposition of mineral in a regulated
manner and consequently leads to the production of functional materials. Biomineralisation
occurs at different sites, these include epiceliular {on the cell wall), intercelfular (in the
spaces between closely packed cells), intracellular (inside enclosed compartments within the
cell) and extracellular (within or on an insoluble macromolecular framework outside the
cell). The two sites that are more often associated with controlled biomineralisation are
intracellular and cxtracellular. Examples of biomineralisation at intracellular sites include
lipid vesicles, which are usually fluid filled sites (Lowenstam, 1981; Mann, 2001).
Examples of biomineralisation at extracellular sites include bone, teeth and avian eggshells.
In the case of bone, the gaps between the collagen fibres in bone are the principal site where
hydroxyapatite crystals are found. With regard to the eggshell, the deposttion of calcium
carbonate is initiated at specific sites {nucleation sites) on the outer eggshell membrane
fibres (Figure 1.2). Calcium carbonate deposition at these nucleation sites begins as
spherulitic structures, where they nucleate and grow ouiwards radially. As well as eggshells
many different organisms produce spherulitic structures: these include scleractinian corals,
red calcareous algae and pennaiulid sea fans (Lowenstam and Weiner, 1989). Spherulites
are crystal aggregates that are formed easily 7 vitro in supersaturated solutions of caleium
carbonate. Thus in biological systems, the mineralisation of spherulitic structures seems to
provide a way of filling large volumes with minerals quite quickly (Addadi and Weiner,

1992).
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Figure 1.2 Scanning electron micrograph of an eggshell membrane where calcium
carbonate deposition has occurred at specific nucleation sites on the membrane, this is
shown with the black arrow. Image courtesy of the Poultry Research Unit, University

of Glasgow.

In biomineralised structures, the inorganic phase associates with the organic matrix
(Lowenstam, 1981; Addadi and Weiner, 1985), which is composed of proteins and
polysaccharides. In some cases, for example mollusc shells and avian eggshells, the
components of the matrix can be separated into water-soluble and insoluble fractions. The
soluble fraction is assumed to be intracrystalline, while the insoluble fraction is
intercrystalline (Meenakshi ef al., 1971; Krampitz and Graser, 1988). The organic matrix of
biominerals has many functions; these include controlling nucleation, growth, morphology
and organisation of the inorganic minerals, which in turn influence the mechanical properties
of the resulting composite. Furthermore, it is also important structurally, acting as a
supporting framework in eggshell, bone and teeth. The functions of biocomposites such as

protection, reinforcement, movement, cutting and grinding are related to the organic matrix.
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Ag another example within the eggsheli, the organic matrix inhibits the propagation of
cracks through the shell as it stops defects progressing through the inorganic material (Man,

2001),

The formation of the avian eggshell is one of the most rapid mineralisation processes known.
It takes approximately 24 hours to complete, and resulis in an eggshell composed of calcium
carbonate in the calcitic mineral form. The resuliing eggshell plays a critical role in
protecting the egg contents from physical insult and bacterial penetration whilst allowing gas
exchange and water loss; therefore, its functional properties are related to its structure. The
eggshell structure relies on the interplay of crystalline material and biomolecules at a number
of structural fevels, and many exteral factors such as nutrition, housing and environmental
stresses (Wolford and Tanaka, 1970). These can atfect the physiclogy of the oviduct, and

thus the biomineralisation events and the structural properties of this biocomposite.
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1.2 Eggshell Formation
A detailed description of eggshell formation is described in Solomon (1991). In brief.
following ovulation, the ovum is released from the ovary and enters the oviduct, which

comprises six different regions (Figure 1.3).

Ovary
Follicular hierarchy
Ovulation every 24 hours

Infundibulum
Fertilisation
0.5 hours

Isthmus - 4 Magnum
Addition of membranes A P Addition of albumen
1-1.5 hours 3 hours

Tubular Shell Gland

: / Shell formation commences

0.5 hours

i Shell Gland Pouch
/t’° b, Main site of shell formation
18-19 hours

Egg exits via vagina into
cloaca
Oviposition = 24 hours

Figure 1.3 Diagram of the different regions of the reproductive tract of the hen. For
the purpose of demonstration only this diagram shows an egg in both the isthmus and
shell gland regions of the oviduct but in reality only one egg would normally be present
in each 24 hour cycle. Graphic obtained with permission of QLKS-CT-2001-01606
“EggDefence”.
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The first region is the infundibulum, which is the area involved in the production of the
perivitelline membrane (the membrane that surrounds the yolk) and the formation of the
chalazae (rope-like structures that anchor the yolk in the centre) (Figure 14). The
infundibulum is also the region where fertilisation takes place, if appropriate. The egg
spends about 0.5 hours in this region before it enters the next part of the oviduct, the

magnum, where it resides for 3 hours.

Yolk Vitelline Membrane

Albumen
(white)

Chalazae

Air Sac

Shell
Outer Membrane

Germinal Disk
Inner Membrane

Figure 1.4 Diagrammatic representation of the different components that comprise

the egg.



‘The magnum is the longest part of the oviduct, where the ovam acquires the egg white or
albumen, a complex mixiure of proteins, including ovalbumin, conalbumin, ovomucoid,
lysozyme, globulins and ovomucin; however, at this stage the albumen is not in its final
form. Albumen performs a number of diverse roles; for example, several components have
antibacterial action. The albumen also provides a mechanical buffer for the volk. On
leaving the magnum, the forming egg travels to the isthmus where the two {inner and outer)
eggshell membranes are formed over the albumen mass (Figure 1.2); the membranes arc
permeable to gas and water but do nof permit the outward migration of the epg white
proteins, The eggshell membranes are nccessary for the calcification process to oceur
(Krampitz and Graser, 1988). The time spent in the isthmus is about 1 — 1.5 howrs. The egg
proceeds to the tubular shell gland, which is respensible for the initial transfer of calcium
salts onto the shell membrane fibres, specifically at the mammillary cores. These sulphur
tich areas are randomly located on the outer eggshell membrane fibres, and represent the
initiation sites for calcium carbonate deposition (Creger, 1976). The resulting ‘mammiljary
bodies’ are best defined as the mammillary cores plus their attached calcium salts (Figure
1.5). The egg resides in the tubular shell gland for only a limited time, approximately 0.5

hours.
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Figure 1.5 Scanning electron micrograph of mammillary bodies forming in association
with the mammillary cores, which are sulphur rich regions associated with the outer

shell membrane fibres, courtesy of the Poultry Research Unit, University of Glasgow.

The shell gland pouch is the main shell forming region of the oviduct, but is also responsible
for the addition of plumping fluid. This glucose rich fluid swells the egg and exposes the
mammillary bodies to allow deposition of calcium carbonate; it also reduces the protein

content or concentration of albumen in the egg.

Mineralisation takes place in an acellular milieu (the uterine fluid), which contains the
eggshell constituents in their native form (Nys et al., 2004). The mammillary layer (Figure
1.6) is first to form from spherulitic crystal growth that initially proceeds outwards in all
directions from the mammillary bodies, but which eventually grow upwards and outwards to
fuse with their neighbours to form the palisade layer (Figure 1.6). The palisade layer makes

up the majority of the eggshell thickness and takes approximately 10 hours to complete. In
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total, the egg resides in the shell gland pouch for approximately 18 -- 19 hours. Before
oviposition, the cuticle (Figure 1.6) 1s added to the shell, this contains the bulk ol the
eggshell pigment. The fully formed egg then exits through the cloaca via the vagina. ‘Thus,

ovulation to oviposition takes around 24 hours to complete.

1.3 Eggshell Structure

1.3.1 The Ultrastructural Organisation of the Lggshell

The (ully developed eggshell is a highly ordered structure (Parsons, 1982; Solomon, 1991)
and is comprised of five different layers. These include, from the inside ouiwards, the shetl
membranes, of which there are two (inner and outer), the mammillary layer, palisade layer,

vertical crystal layer (VCL) and the cuticle (Figure 1.6).

—e——Cuticle {~ 10 pm)

S

Vertical Crystal Layer (-~ 8 yun)

~ 400 pwm -—— Palisade Layer {(~ 200 um)

wemeene - Maramillary Layer (~ 100 um)

L& Shell Membranes {~ 70 pm)
50 um

Figure 1.6 Schematic of the hen’s eggshell showing the different layers and their
corresponiling thicknesses. The information used to create this figure was obtained

from Simons (1971); Parsons (1982).
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The eggshell membrane fibres, both inner and outer, are together about 70 um thick and
consist of collagen, types I and V (Wong et af,, 1984), and type X (Axias ef al., 1991).
Calcium deposition occurs ai initiation sites on the outer shell membrane (Creger, 1976;
Dieckert ef «f., 1989). The outer membrane is therefore firmly attached to the calcified
portion of the eggshell. The mammillary layer has been described by Solomen (1991) as the
structurally most diverse layer and is approximately 100 pm thick. Cain and Heyn (1964)
revealed that the mammillary layer consists of “small” randomly otientated crystals. The
nucleation centres are composed of microcrystals radiating out from the centre. These grow
outwards and compete for growth space resulting in the formation of columnar structures
(Nys et ad., 2004), which gives rise to the palisade layer (approximately 200 pum thick). Thus,
each columnar calcite crystal unit assoctated with the palisade layer is grown from separate
nuclei associated with the mammillary layer (Figure 1.6).  Abnonmal orgame mammillary
cores are smaller and more fragmented than normal, and have been related to weak and thin

eggshells (Robinson and King, 1970).

In the palisade layer, the crystal columns continue to grow perpendicularly to the shell
surface. The palisade columns are thus polygonal, conforming to the shape of the underlying
mammillary bodies (Parsons, 1982). Studies have shown that the competitive growth process
of adjacent calcite crystals in this layer produces a colummar microstructure that has a
preferred crystallographic orientation (Radriguez-Navarro and Garcia-Ruiz, 2000). The layer
above the palisade layer and below the cuticle is called the vertical crystal layer. This is
made up of narrow crystals that are aligned perpendicularly to the surface. The vertical
crystal layer makes up about 8 pun of the eggshell thickness. The cuticle consists of proteins,

polysaccharides and lipids, and functions to protect the egg from bacterial infection and



excessive water loss (Parsons, 1982). 1t is about 10 um thick and covers the gas exchange

pores. The cuticle coverage of an egg is however rarely complete (Solomon, 1991).

1.3.2 Gascous Exchange Pores and Vesicular Pores or Holes

The eggshell is otten described as a porous structure; however, it is important to distinguish
between the gaseous exchange pores (Figure 1.7) and the vesicular holes or pores (Figute
1.7), which give rise to the typical honeycomb appearance of this calcitied structure when

viewed at bigh power in a scanning electron microscope.
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Figure 1.7 Scanning electron micrographs of the hen’s eggshell illustrating gaseous
exchange pores and vesicular holes or pores. The top image is taken at low power and
shows a gaseous exchange pore extending though the eggshell thickness. The bottom
image is taken at a much higher magnification and shows the typical honeycomb
appearance of the palisade caused by the presence of vesicular pores or holes. Images

courtesy of the Poultry Research Unit, University of Glasgow.
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The gas exchange pores extend throughout the eggshell thickness and are essential for
embryonic development. The outermost extent of these pores are usually plugged by the
cuticle (Figure 1.7) but this is not always the case (Figure 1.8). Tyler (1956) measured the
diameter of these pores to be 63 — 45 um towards the outer surface and 23 — 17 um towards

the inner of the eggshell.

Figure 1.8 Scanning electron micrograph of the outer surface of a cuticleless eggshell
to illustrate the outermost extent of a gaseous exchange pore (arrowed). Image

courtesy of the Poultry Research Unit, University of Glasgow.

Vesicular holes or pores are thought to occur as a result of the modifying effects played by
the organic matrix during the formation of the eggshell and appear to vary in size and
distribution from the inner to outer surface of the shell (Simons, 1971). Simons (1971) also
observed that the distribution of vesicular holes in eggshells differed in good and poor quality

shells in such a way that poor quality shells had a more vesicular or porous appearance than



good quality shells. The porosity of the eggshefl has recently been investigated in more detail
by L.a Scala ef a/. (2000) using mercury intrusion porosimetry. This techniquc, based upon
the pressure required to force liquid mercury into the pores, can be used to investigate
vesicular pore size distribution within a solid sample, and has previously been used to
investigate the porosity of other biominerals including bone (Nielsen-Marsh and Hedges,
1999}, According to La Scala ez of. (2000), the vesicular pores in eggshells range from 0.2 to
above 5 um, which coincides with the values provided by Simons (1971). To date, however,
this technique has not been used to investigate if the pore size distribution of vesicular pores

varics in ¢ggs of differing quality.

1.3.3 Eggshell Microstructure and Orientotion of Calcite Crypstals

Crystallographuic studies have been uscd to investigate the preferred orientation of calcite
within the different layers of the avian eggshell. A polarized light microscopy study by
Terepka (1963) reported that the c-axes of the calcite columns were perpendicular to the shell
surface. Using X-ray diffraction, Cain and Heyn (1964) observed that the c-axis of the calcite
crystals in the outer layer was inclined at 28 = 16° to the shell normal. The structure of

caleite in its thombohedral form is shown in Figure 1.9,
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Figure 1.9 Calcite erysial structure depicted as a rhombohedron, This is a trigonai
crystal system characterised by a single triad axis. The conventional unit cell

dimensions are a = b = ¢ and the angles are oo = =y < 120° {Kelly and Groves, 1970).

Creger et al. (1976) provided evidence to suggest that cach crystal nucleus may consist of a
group of crystallites, which grow out in all directions during eggshell development and
concluded that there are no dominant preferred ciystal orientations within the mammiliary
layer. Tt has since been suggested that the lack of preferred crystal orientation in the
mammillary layer indicates that the nucleation sites for calcite growth have little relationship
with one another, and that this could be due to the organic nature of the fibrous membrane on
which the calcite grows (Pervott ef af., 1981). Caleitic growth at these nucleation sites begins
as spherulitic structures as described previously. Using eleciron diffraction, Perrott e/ af.
(1981) stated that the only layer that showed any prelerred orientation was the vertical crystal
layer. This was subsequently contirmed by Sharp and Silyn-Roberts (1984) who suggested
that calcite crystals within the egpshell of the domestic fowl have a degiee of preferred

orientation that develops gradually, becoming more orientated towards the outer surface.
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More recently, Rodriguez-Navarro ef al. (2002) investigated the microtextural properties of
eggs laid by hens of different ages, and found that the eggshells from the aged hens showed
two preferred crystal orientations in comparison to only a single prefesred orientation (c-axis
perpendicular to the eggshell surface) in the eggshells from the younger hens. This study also
revealed a strong corrclation belween eggshell erystaliographic texture and eggshell strength;
namely, shelis with a lesser degree of crystal orientation were stronger than those with a
greater degree of orientation. In ifs role as an incubating chamber, the eggshell must be
strong enough to resist mechanical insult but it must also be easy to break from the inside out
to allow for hatching of the embryo. Rodriguez-Navarro ef aif. {2002) suggested that this
could be why the outer portion of the shell is composed of larger crystallites than the inner
area of the eggshell. The inmer region of the eggshell is composed of microcrystals with

spherulitic texture, this facilitates crack propagation (Nys ef a/., 2004},

1.3.4 Grains, Crystals, Crystaliites and Voids

The hen eggshell thickness is approximately 280 — 400 um (Parsons, 1982). Cain and Hevn
(1964} estimated the average particle size to be 200 pm by X-ray diffraciion. Perrott ef al.
(1981) suggested that each column of calcite in the palisade layer consisted of crystallites that
had a diameter of 20 — 30 pum by electron diffraction studies. Recently, Rodriguez-Navarro ef
af. {2002) used polarised light microscopy to study the crystallographic properties of
eggshells and deduced that the average width of each crystal was 20 pm at the inner surface
of the eggshell increasing to about 80 wm at the outer. The same method was subsequently
applicd in the work by Ahmed e7 af. (2005) who found that the average crystal size betore

moult was 72 £ 12 um and after moult 58 =7 pm.



From reading these accounts it would appear that therc is much contusion in the existing
literature regarding the terminology used to describe the different structural features of the
eggshell at difterent length scales. Therefore, in the context of this thesis, the term “prain” is
used to describe onc caleite column associated with the palisade layer, which arises [rom one
mamumillary body associated with the mammillary layer. The term “crystal” is used in the
coniext of being one of the smaller caleite units, which comprises each calcite grain or
column. The term “crystallite” s used to deseribe the calcite wnits that compose each
individual crystal, and finally the term “void” is used to describe an absence of inorganic
material within each crystallite, which in this thesis are described in relation to the prescnce
of intramineral proteins associated with the organic matrix. These inter relationships are
shown diagrammatically in Figure 1.10. To allow comparisons to be made with the existing

literature these definitions have been assigned approximate size values.
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Figure 1.10 The different levels of structural detail within the eggshell as applied in
this thesis. The grain column is around 400 pum; each grain consists of a mammillary
body and palisade column. The grain is composed of a number of calcite crystals and
each of these is composed of a large number of crystallites. Within the crystallites,
measurements of a dimension that is likely to correspond to protein voids is described

in this thesis and included here for completeness.
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1.4 The Eggshell as a Biomineral

As previously indicated the eggshell consists of both organic and inorgaunic constituents:
approximately 95% calcium carbonate in the form of calcite and approximately 3.5% organic
material (including membranes) (Arias et af., 1993; Gautron ef al., 1996; Nys ¢7 al., 1999).
There are also other trace elements within the eggshell, including magnesium and
phosphorus. A study by Cusack ¢f al. (2003) reported that magnestum is not uniformly
distributed throughout the thickncss of the eggshell. According to these authors, magnesium
levels decrease from the site of nucleation unlil beyond fusion of the mammillary caps and
then increase again until termination; this is consistent with the fact that magnesium acts as
an inhibitor of crystal growth (Addadi and Weiner, 1992). Phosphorus, conversely, is only
found in the outer quarter of the eggshell, and increases in concentration towards the external
surface. Phosphorus 1s also thought to act as a crystal poison and therefore could be involved
in the termination of eggshell formation (Nys e/ al., 1991; Dennis et al., 1996; Cusack ef al.,

2003), as phosphaies have been shown to inhibit calcite formation i vitro (Simkiss, 1964).

1.5 The Organic Matrix Component of the Eggshell

1.5.% Morphology

The organic matrix throughout the eggshell is thought to influence nucleation, to control
crystal growth and shape, and to play a rofe in controlling the biomechanical propertics of the
resulting composite, as has been suggested in other systems such as bone and dentine
{Addadi and Weiner, 1992; Mann, 2001). From a morphological point of view, the organic
component of the palisade layer of the shell is in the [orm of crogs-linked fibrous shects of
protein running parallel to the shell surface. This sheet-fike arrangement is absent in the
mammillary layer, the organic material within this laver shows a fan-like radiation from the

mammillary cone tip detected using light microscopy {Stmons, 1971).  Silvn-Roberts and
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Sharp (1986) suggested that the organic fibrous sheets hinder crystal growth instead of
controlling it, and thus their sole function is to act as a fibrous reinforcement that ties the
calcite columns together. Fraser e/ al. (1999) observed using transmission electron
microscopy (TEM) that the organic matrix fibres were orientated perpendicularly throughout
the palisade layer and became vertically orientated and more tightly packed as they proceeded
to the outer surface in the region of the vertical crystal layer. Research by Dennis ef a/
(1996) also indicated that within the vertical crystal layer, there was a vertically-orientated
matrix. An example of a TEM image of the organic matrix from the palisade layer of an

eggshell is shown in Figure 1.11.

Figure 1.11  Transmission electron micrograph of the organic matrix within the
palisade layer. The arrow in the bottom left hand corner indicates the direction to the
outer surface. The red circle highlights a vesicular hole. Image courtesy of the Poultry

Research Unit, University of Glasgow.
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1.5.2 Organic Matrix — Eggshell Extract

Gautron ef of. (1996) found that when the eggshell was decalcified through guanidine
hydrochloride treatment, the amount of solubilised protein obtained in eggshell protein
extraction experiments was less than Q.15 % of the shell weight and corresponded to less than
5 % of the total organic part of the eggshell. The concentration also varied depending on the
stage of shell formation. LEggshell proteins are found both within and between individual
calcite crystal columns and are referred to as the intramineral and extramineral organic matrix
componenls respectively. In the initial stage (6-9 hours after ovulation) of eggsheil
formation, a large proportion of the soluble extracts are found in the extramineral part and at
the later stages 95 % of the soluble extracts are found in the intramineral part of the eggshell
(Gautron ef al., 1996), A greater understanding of the eggshell organic matrix has been
generated by the realisation that the organic and mineral precorsors of the eggshell are

contained within the uterine fluid (Gautron ef /., 1997).

1.5.3 Organic Matrix — Precursors Present in the Uterine Fluid

The eggshell forms in the shell gland of the oviduct in an acellolar miliew, which 1s
supersaturated with calcium and bicarbonate ions and which zalse contains a range of proteins
that are essential for eggshell formation (Arias ef af, 1993; Nys ef al., 1999). Studies have
shown that the protein composition of the uterine fluid changes during the initial, growth and
terminal phases of shell formation (Gauiron ef af., 1997). The uterine fluid collected at the
initial stage (6-9 hours afier ovulation) corresponds to the stage when calcite crystals are
deposited on the mammillary bodics. Rapid eggshell deposition occurs during the active
growth phase (14-18 hours after ovulation). The terminal phasc (22-23 howrs aller ovulation})

corresponds to the end of shell calcification. Given that the uterine fluid contains ali the
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organic matrix proteins in their native form, it has proved most pertinent to study these

proteins in terms of their specific roles.

1.5.4 Characterisation and Identification of Eggshell Matrix Proteins

Significant progress has been made in the past 15 vears in the identification and
characterisation of the proteins associated with the eggshell matrix. The different tvpes of
proteins that have thus far been identified can be subdivided into three groups: egy white

proteins, eggshell specific proteins and ubiquitous proteins.

1.5.4.1 Eggwhite Proteins

Although normally associated with the e¢gg white, three egg white proteins, ovalbumin
{Ilincke, 1995), ovotransferrin (Gautron ef al, 2001a) and lysozyme (Hincke ez af, 2000),
have been isolated and identitied in the eggshell matrix. An overview of their localisation in

the cggshell is shown in Figure 1.12.

e Cuticle (Ovocalyxin-32)
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—T~~ Vertical Crystal Layer (Ovocalyxin-32,
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—~ Mammillary Layer {Ovalbumin, Lysozyme,
— . Ovotransterrin, Keratan Sulphate, Ovocleidin-
17, Clusterin, Osteopontin)

~ T Shell Membranes

Figure 1,12 Localisation of the proteins and glycosaminoglycans found in the different

Iayers summarised from the information given in the text.




According to Nys ef af. (2004) the egg white proteins are likely to have a protective rale as
they have antimicrobial properties, whilsi the specific eggshell proteins arc likely to influence
calcification by modifying crystal growth and thereby altering the mechanical properties of
the eggshell. Qvalbumin (45 kDDa) was the first egg white protein to be identified within the
eggshell matrix found in the mammillae of the eggshell (Hincke, 1995) and is present in the
utering fluid mainly in the inibal stages of eggshell formation (Gautron ef a/, 1997).
Previous researchers have suggested that the role of ovalbumin could be to ditve calcium
affinity molecules, and so influence the iniliation of eggshell formation due to its localisation
in the eggshell its production in the isthmus region and its effect on nucleation (Panbeleux ef
al., 1999). The amino acid sequence of ovalbumin has been determined (Nisbet ez o/, 1981)
and the crystal structure (Figure 1.13) defined by X-ray diftraction (Stein ef «., 1991). An
estimation of the average size of the protein can be made using small angle X-ray scaitering
(SAXS) by analysing the initial part of the scattering curve and determining the radius of
gvration (R;) (see subscction 2.6.2.2). Briefly, the R, corresponds to the radius of inertia,
which is the root mean square of all the electron distances from their centre of gravity (Glatter
and Kratky, 1982). The R, of ovalbumin has been determined and was found to be 2.44 £ 0.6

nm (Bu and Engelman, 1999).

Ovotransferrin, also known as conalbumin (78 kDa), is also associated with the mitial phase
of egg development and is present at high levels in the eggshell membranes but its
intramineral localisation is limited to the mammillary knobs (Gautron et of., 2001a). The
crystal struciure has been determined for both the fully iron-loaded diferric hen ovotransferiin
(Kurokawa ef al., 1995) shown in Figure 1.13, and hen apo-ovotransferrin (Kurokawa ef a/.,
1999). Ovotransferrin binds iron and transports it Lo target cells. The radius of gyration of

this protein is 2.95 nm (Zhou, 1998).
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Lysozyme (15 kDa) 13 found in the shefl membranes and in the shell matrix of the eggshell,
its intramineral localisation 18 also linuted to the mammillary knobs (Hincke er o, 2000).
The crystal structure of hen lysozvme has been determined by X-ray diffraction (Diamond,
1974} as seen in Figure 1.13. Lysozyme is a bacteriolylic enzyme and has antimicrobial
activity against a limiled number of fungi and bacteria. Studies have shown that calcite
crystals grown in the presence of purified hen lysozyme exhibit altered crystal morphology
suggesting that shell matrix lysozyme may have a structural role, which in soluble form

influences calcium carbonate deposition during calcificaiion (Fincke ef al., 2000).
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Ovotransferrin Ovocleidin-17

Figure 1.13  Crystal structures of four of the eggshell proteins obtained from the
Research  Collaboratory [lor Structural Bioinformatics Protein Data Bank
(www.resh.org). From top left to right, ovalbumin (Protein Data Bank (PDB) code
10VA) (Stein ef al., 1991), and lysozyme (PDB code 1LYZ) (Diamond, 1974). From
bottom left to right, ovotransferrin (PDB code 1OVT) (Kurokawa ef al., 1995) and
ovocleidin-17 (DB cede 1GZ2) (Reyes-Grajeda ef al., 2002).
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1.5.4.2 Eggshell Specific Proteins

Within the eggshell there are also a number of novel proleins associated with the cggshell
organic matrix, which are only secreted by tissues involved in shell calcification. The soluble
intramineral matrix protein, ovocleidin-17 {QC-17), is one such protein that has been purified
to homogeneily (Hincke ef af., 1995), This protein has been found in the mammillary layer
and the palisade layer and is present in the uterine fluid at afl three stages of calcilication,
initial, growth and terminal, with its highest concentration being at the growth phase (Gautron
et ol , 1997). OC-17 (17 kDa) is synthesised in the fubular gland cells of the shell gland and
is not produced in other tissues (Hincke ef af., 1995). QC-17 is 142 amino acids in length and
contains a single C-type lectin-like domain also known as a calctum-dependent carbohydrate
recognilion demain, Recent work by Reyes-Grajeda ef al. (2004) determined the three-
dimensional crystal structure of monomeric ovocleidin-17 by X-ray diffraction (Figure 1.13),
this will fead 10 a better understanding of the biological behaviour of this protein and other
structurally related biomolecules in calcification mechanisms of the eggshell. OC-17 15 a
phosphoprotein with two phosphorylated serines (Mann and Siedler, 1999), there is also a
minor form with a higher molecular weight (23 kDa). The latter is a glycosylated protetn
with identical sequence but has one phosphorylated serine, and has been named ovocleidin-
23 (Mann, 1999). The exacl roles of these different forms in the eggshell are not known, but

may have separatc fanctions since ovocleidin is alternatively modified (Mann, 1999).

Ovocleidin-116 (OC-116) (116 kDa) (Hincke ez af., 1999) is abundant in the uterine fluid
during the growih phase and is found in the palisade layer. The granular ceils of the surface
epithelium of the uterus are responsible for its release. The N-terminal scquence corresponds
to a core protein, eggshell dermatan sulphate protcoglycan (ovoglycan) (Carrino el al., 1997).

QC-116 contains two N-glycosylation sites and two disulfide bonds (Mam e7 o/, 2002). The
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N-glycan structures of this eggshell specific protein have also been further investigated

(Nimtz et «f., 2004).

Ovocalyxin-32 is found in the uterine fluid during the growth phase but is mainly present
during the terminal phase. It is localised in the uterus (shell gland pouch) and red isthmus
(tubular shell gland) regions of the oviduct and is known through immmunocytochemistry to be
secreted by the surface epithelial cclls of the uterus (Gautron ef af, 2001b). Within the
eggshell it is found in the outer palisade layer, the vertical crystal layer and the cuticle and
has bcen observed to be in both the extramineral and intramineral protein exiracts.
Ovocalyxin-32 levels increase at the termination phase and as a resull are likely to be

associated with the processes invoived in the cessation of calcification.

Ovocalyxin-36 is expressed in the uterine tissue and 1s found to be up-regulated after the egg
enters the uterus or shell gland pouch, so it may be involved in the regulation ot eggshell
formation (Nys ef af., 2004). An additional cggshell and uterine fluid protein has been
recently identified and named ovocalyxin-25. It is found in the uterus (shell gland pouch)
where mineralisation takes place and tn the red isthmus (tubular shell gland) where

calcification is initiated (Nys e /., 2004).

1.5.4.3 Ubiguitous Proteiny

These proteins are found not only in the eggshell but are also present in other tissues. For
example, osteopontin is a phosphorylated glycoprotein that has been identified in the hen
eggshell. The osteopontin gene expression occurs in embryonic skeletal tissue and ajso in
adult tissues, normal and transformed bone cells and in some bone marrow cells; this protein

has also been [ound in the kidney (Lavelin ¢ af., 2000). Osteopontin found in the chicken
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has 65 % homology at the nucleotide level and 35 % homology in the protein sequence to
mammalian osteopontin (Castagnola ef al, 1991). In the oviduct, osteopontin has been
detected only in the shell gland (Pines ez @/, 1995), the main site of calcification, and is
therefore likely to be involved in eggshell formation. Tt 1s localised in the core of the non-
mineralised eggshell membrane, in the base of the mammillae and in the outermost part of the

palisade layer (Fernandez et af., 2003).

Clusterin, a secretory glycoprotein that has also been found in the eggshell matrix, is a
disulfide-bonded heterodimer (Mann ef o/, 2003). The molecular weight of clusterin is 70
kDa;, however, under reducing conditions (10 wM dithiothreitol and 0.5 % 2-
mercaptoethanol) the molecular weight is decreascd to approximately 35 kDa (Mann ef .,
2003). Ttis distributed in the mammillary and palisade layers. "These authors suggest that the
fiunction of clusterin could be to prevent premature aggregation and precipitation of eggshell
matrix components before and during their assembly into the rigid protein scaffold which is
necessary for ordered mineralisation. Therefore, clusterin could act as a chaperone protein

during eggshell formation.

1.5.4.4 Ientified Eggsheill Macromolecules

The glycosaminoglycans dermatan sulphate and keratan sulphate have been localised in the
eggshell {(Arias ef af., 1992; Carrino ef al, 1997). Keratau sulphate proteoglycan is secreted
in the isthmus by the isthmus gland cells (Fernandex ¢f ai., 2001) which occurs when the
mammillae are forming and thus could play a rofe in the initial stages of cggshell formation.
Dermatan sulphate is secreted during the active growth phase and is found throughout the
palisade layer, this is in association with the localisation and regulation of its core protein,

ovocieidin-116 (THincke ef al., 1999).
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1.5.5 Quanitification of Lggshell Matrix Profeins

Panheleux ef af. (2000) developed enzyme-linked immunosorbent assays (ELISA) to extract
and quantify three eggshell matrix proteins {ovocleidin-17, ovalbumin, and ovotransferrin) in
eggshells from young and old hens. According to these authors, the concentration of each of
the three proteins analysed was increased in the weaker eggs (determined by their breaking
strength) from older hens (58 weeks old); however, the overall protein content was
unchanged. These experiments allow for the relationship between proteins and eggshell
defects to be investigated further and could be used as a promising tool for analysing the
origin of these defects. Therefore, ELISA tests can be used to quantify the proleins in eggs of
differing qualily but the cffect that each individual protein has on eggshell formation is stith

relatively unknown.

1.6 In Vitro Crystallisation Studies

In vitro crystallisation of supersaturated concentration of calcium carbovnate can result in
ordered structures ol the crystal aggregates beinp formed (Addadi and Weiner, 1992). in
vitro crystal growth cxperiments can help in understanding the relationship between proteing
and inorganics, and the effects that the presence of proteins have on calcite crystal growth
and {formation. The in vifro measurement of the rate of calcium carbonate erystallisation in
the presence of uterine fluid and eggshell extract can be used to study the role played by
individual matrix proteins in mineralisation. ‘The duration of precipiation of calcium
carbonate from a medium of sodium bicarbonatc and calcium chloride in water can be
compared Lo that in which uvterine fluid or eggshell extracts are present. Gautron ef of.
(1996) reported that the addition of sohible eggshell matrix delayed calcium carbonate
formation. The experimental procedure thal the authors followed and modified was that

given in Wheeler ¢f af. (1981). Water or eggshell extracts were added to 40 mM bicarbonate
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solution in a glass vial and 10 mM calcium chloride was added to start the reaction. The pH
was monitored and a decrease in the pH by one unit was used as an indication of the duration
of precipitation. The same experimental procedure was uscd by Gautron ¢f af. (1997). The
oviducal fluid collected during the terminal phase or the dialysed oviducal fluid, irrespective
of the stage of collection, also delays the rate of calcium carbonate precipitation (Gautron ez
al., 1997). This effect 15 not apparent when the ultrafiltrate (ultrafiltration through a
membrane with a 5 kDa molecular weight cut off) of the oviducaf fluid had been introduced,

thus confirming the involvement of organic macromolecuies.

Domingucz-Vera ef al. (2000) formed calcium carbonate crystals via the sifting drop
technique in the presence of oviducal fluid that had been collected at the initial, rapid growth
and terminal phases of development. The authors reported that the morphology of the
resultant crystals was altered depending on the stage of eggshell formation at which the
oviduca! fluid was taken. The morphology of the control crystals was rhombohedral. The
oviducal fluid collected at the initial phase (6-9 hours afier ovulation) facilitated ihe
formation of lwinned (iwo interwoven crystals that are mirror images of one another) calcite
crystals, although the crystals still showed rhombohedral faces with some rounded corners.
Oviducal fluid collected at the growth phase caused crystals to form which had
rhombohedral taces although the corners became rough, and some of th'e rhombohedral faces
became curved. The same morphological changes were seen with the presence of uterine
fluid collected at the terminal phase. These results indicate that oviducal fluid components

are involved in the growth process.

A study by TTeendndez-Hernandez ef al. (2003) investigated calcium carbonate formation in

the presence of proteins (lysozyme, myoglobin, ribonuclease, o-lactalbumin). At high
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protein concentrations, calcium carbonate formation was inhibited; at lower protein
concentrations, crystal formation increased. They concluded that the proteins were binding
lo the crystal growth sites, resulting in the inhibition of calcium carbonate formation. A
modification of this technique was used to study the effect of both dermatan sulphate and
carbonic anhydrase on in vitro calcium carbonate formation upon eggshell membrane with
“mammillae” (masses of organic material) that had been recently formed (Fernandez ef af.,

2004).

The glycosaminoglycan dermatan sulphate has been detected in cggshell (Carrino ef af,
1997), and is found throughout the palisade layer, where it is deposited during the growth
phase. Carbonic anhydrases catalyse the reversible rcaction between carbon dioxide
hydration and bicarbonate dehydration. These authors found thal carbonic anhydrase (10
pg/ml) increased the rate of calcium carbonate crystal growth, which resulted in early
nucleation and growth, and induced calcite crystal aggregation. Furthermore, dermatan
sulphate (64 pg/ml) was found to madify crystal morphology, where large calcium carbonate

crystal aggregates with a columnar morphology were formed.

1.7 Nanostructure, X-ray Scatiering Technigques and the Aims of this Thesis

Studies have shown that eggshell formation is regulated by a precise spatio-temporal
arrangement of sequentially deposited macromolecules (Fernandez e af., 1997) and the
precise uitrastructural localisation of these macromolecules (Fernandez e/ al, 2001).
Information concerning the complex relationship befween the organic and inorganic
components of the eggshell is therefore required in order to appreciate and understand the
overall structural integrity and mechanical performance of the complex biomineral. The

mechanical properties of other biomaterials are known to be dependent on their structural




organisation at all length scales, where the structure at each level has been optimised
(Aizenberg ef ol 2005). For eggshells, ultrastructural studies using scanning electron
microscopy have revealed that there are structurally distinct regions at the micron length
scale (Solomon, 1991). There is also evidencc of a relationship between the eggshell
microstructure and its mechanical performance (Rodriguez-Navarro ef af., 2002). ‘Lo date,
however, there has been no published data regarding the nanostructure or nanotextural

organisation of eggshells.

X-ray scattering techniques, primarily smalf angle X-ray scattering (SAXS), are idcal for
investigating biomaterials at the nanometer length scale. SAXS, for example, has been
shown to provide valuable structural information about the crystallite thickness, shape and
orientation of bone (Matsushima e7 a, 1981; 1982; 1984; Fratzl ef ol, 1991; 1992; 1996a;
1996h; Wess et al., 2000, 2001a; 2001b). Microfocus SAXS, which makes use of more
highly (ocuscd X-ray beams (smallest being 300 nm) with greater point to point resolution,
has also been used to analyse bone (Hiller and Wess, 2006), parchment (Kennedy e/ o/,
2004}, wood (Paris ef al., 2000), calcified avian tendons (Gupta ef af., 2003), starch (Waigh
ef al., 1997, Chanzy ef al., 2006) and polymers (Lorenz-Haas ef af., 2003). This technigue

allows for more precise details of biominerals to be obtained at the nanometer length scale.

In this thesis, it is hypothesised that the structure of the eggshell at the nanomeier length scale
is optimised in such a way that it promotes the functional properties of the resulting
composite at both the microstructural and ultrastructural levels. The main aim of this thesis
was therefore to conduct a detailed investigation of the cggshell’s nanostructural features
using SAXS. In Chapter 2, the theory, instrumentation, data collection and data analysis

methods behind this technology is described. Microfocus SAXS is then used Lo investigate




and compare the nanostructural features of eggshells, which were visually classified as being
normal or extremely abnormal in Lerms of their shell quality in Chapter 3. In Chapter 4,
SAXS and X-ray diffraction (XRD) techniques are used to investigate the nanostructural
properties of eggshells, which have been expelled at different stages of gestation. This study
was specifically designed to see if’ the nanostructure of the eggshell changes in relation (o the
initial, rapid and terminal phases of shell formation. If nanostructural changes do occur as the
cgg is formed then this could result from the temporal and spatial deposition of the different
components of the eggshell matrix. The nanostructures of eggshells from young and aged
hens wilh different mechanical strengths are investigated in Chapter 5. According to the
literature, the ulirastructural and microstructural properties of egps from aged hens are
significantly different than those (rom younger hens, resulting in poorer eggshell strength. [t
was therefore of interest to determine if’ similar changes occur at the nanostructural level. In
order to further understand the initial processes of nucleation and subsequent crystal growth,
which occur as the eggshelt forms in the shell gland, a series ol in vitro crystailisation
experiments were also carried out, the result of which are presented in Chapter 6. In these
experiments, the initial nucleation events of calcium carbonate were investigated for the first
time using SAXS either with or without the presence of proteins. In the final chapter
(Chapter 7), the main conclusions from this thesis are discussed in relation to the effect that
changes in eggshell nanostructure could have on the structure and fimction of this highly

complex biomineralised structure. Possible fiuture considerations are also highlighted.
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Chapter 2

Introduction to X-rav Scattering and Instrumentaltion

2.1 Introduction

X-rays are eleclromagnetic waves with dimensions in the order of a tenth of a nanomeier (10°
? m) and were discovered in 1895 by G.C. Rontgen; they are of the same nature as visible
light but with a shorter wavelength. The wavelength (L) of visible light 1s in the order of 6.0
x 107 m, whereas X-rays used in diffraction are approximately 0.2 x 10 =25 x 10 m
(Cullity, 1978). X-rays are used to investigate the structure of matter such as gases, liquids,
amorphous solids and crystalline solids at the molecular and atomic level. Techniques using
X-rays include diffraction, absorption spectroscopy, small-angle scattering and fluorescence
spectroscopy. This chapter provides a description of aspects of X-ray scattering and its
application in examining biological materials. The use of synchrotlron radiation sources to

study eggshell material is also discussed in this chapter.

2.2 Coherent and Incoherent Scaitering

When the incoming incident X-ray beam encounters an atom, two scaltering processes occur
referred to as coherent and incoherent scattering.  Electrons that are tightly bound start
oscillating and scatter X-rays with the same wavelength as the incident beam; this is coherent
scattering. The scattered X-rays have the same frequency and wavelength as the incident
wavelength, since there is a relationship between the phase of the scattered X-rays and that
of the incident X-rays. The scattered X-rays from several different scattering centres are
either cancelled out or are reinforced, where the latter produces diffraction of X-rays

(Cullity, 1978).
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Electrons that are loosely bound scatter part of the incident beam and increase the
wavelength slightly, this is known as incoherent scattering or Compion scattering, named
after A.IL Compton in 1923 who discovered this effect. Considering the incoming beam as
a flow of photons and not as a wave motion, when incoming photons collide with an clectron
that is loosely bound some of the energy from the incoming photon is transferred to provide
kinetic energy for the electron. There is an increase in the wavelength of the scattered beam
compared to the incoming beam, and the extent of the increase is dependent on the scattering
angle (Cullity, 1978). At small angles, incoherent scattering is weak thereforc analysis is

confined to coherent scattering (Glatter and Kratky, 1982).

For the analysis of the eggshell, only coherent scattering is taken into account within this

thesis as the majority of the analysts was by small angle X-ray scattering,

2.3 Crystal Laltices

A crystal is a solid, which consists of atoms that have a periodic arrangement in three
dimensions. Gases and liquids do not have this periodicity with their atomic arrangements;
thercfore, they differ from crystals. With regard to solids, not all are crystalline; for
example, amorphous solids such as glass do not have any regular arrangement of atoms;
these solids may have short-range order but no long-range order. Therefore, amorphous
solids arxl liquids have no fundamental difference with regard to their regular atomic
arrangement (Cullity, 1978). An imaginary sel ol points in space with a fixed relation to the
atoms of the crystal can be thought of as a framework that the crystal is built on. Space can
be separated into three parallcl and equidistant planes. A set of cells (each 1dentical in size,
shape and crientation) are produced in this separatton of space. Lines allow the planes to

intersect with one another and the lines intersect a set of points. The cells of the lattice are
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The planes in a lattice can be identified based on their orientation in the unit celi using Miller
indices {(i1.& 1), which are the reciprocals of the lattice planes. If the axial lengths are ab.c
and the plane makes fractional intercepts at 1/4, 1/k, 1/ with the axes, the actual intercepts of

the planes are a/f, b/k, cfl.

2.4 Bragg’s Law

Bragg’s Law explains the interference pattern of X-rays scattered by crystals. The distance
travelled by the incident X-rays is dependent on the separation of the layers of atoms within
the crystal and also the incidence angle. The inctdent X-rays are required to have travelled a
whole number of waves after penelrating and whilst inside the sample for it to be in phase

with the reflected X-rays.

Incident X-rays 7] Scattered X-rays

Figure 2.2 Schematic diagram representing Bragg’s Law, which explains the

diffraction of X-rays from crystals.
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The reflection of X-rays from successive crystal planes and their interference can be
described by Bragg’s Law (Figure 2.2), where the incident X-rays through S travel a distance
of RS -+ ST more than X-rays through P. The distance between RS and ST is dsinG, where d
is the Interplanar distance in the crystal and © is the incidence angle and the angle of
reflection. Constructive interference accurs when RS + ST = 2dsind = 2, which is Bragg’s
Law, where A is the wavelength of the incident X-ray beam. Theére has to be an integer
number of waves for constructive interference to arisc. When the incident X-rays and the
reflected X-rays are in phase there will be a diffraction signal collected on the detector from

this reflection. Tfthe X-rays are not in phase there will be no signal or it will be very weak.

2.5 Fouvier Series and Fourier Transform
This section provides a brief summary about Fourier series and Fourier transforms, a more in

depth description is given by Rhodes (2000).

2.5.1 Periodic Fanctions

Periodic functions can be used to describe waves. The amplitude & (half of its height from

cak to vailey), frequency /2 (number of wavelengths per radian) and phase & (with respect to
the origin, it is the position of the wave in radians) can describe sine and cosine waves. The
wave equations are shown as equations 2.1 and 2.2. These equations are one-dimensional

since they represent a numerical value at all the points along an axis, in this case the x-axis.

F(x)=Fceos2z(hx+ ) 2.1

S{x)=Fsm2x(hx + «) (2.2)
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At any horizontal position x, f{x) is the vertical height of the wave. x is measured in
wavelengths, so when x = 1 this indicates a single complete wavelength or a single complete

repeat of the periodic finction from the origin.

2.5.2 Fourier Series

Complex periodic functions can be described using simple sine and cosine functions, where
the wavelengths of these funciions are integrals of the wavelength of the complex function.
Each of the sine and cosine functions are Founer terms and the sum of these is a Fourier
series. In order to compute the Fourier terms that describe a complex wave, Fourier

synthesis 1s used.

Dilfracted X-rays are collected on a deteclor; a dillracted X-ray that has produced a
reflection as part of the diffraction pattern can be described as the sum of the contributions of
all scatterers in a unit cell, where the structure factor equation is used for the sum. The
computed sum for a given reflection with indices A&/ is /4y,  Superposition of individual
waves resulting from diffraction by an individual atom is used to create a wave, the structure

faclor.

X-rays are diffracted from electrons within the molceules in a sample and the diffraction
pattern provides informalion about Lhe distribution of electrons or electron density of the
molecules. The molecules within a crystal are arranged in an ordered manner; therefore, the
electron density can be described mathematically by a periodic function. The clectron
density p(x,3,z) is a three-dimensional periodic function, where p is the clectron density at all
positions X, y and z in a unit cell. Tt describes the shape of all the molecules and the surface

features in a unit cell. The electron density can be expressed and described as a Fourier




series, A Fourter series describing the reflections can be converted to a Fouricr series
describing the electron density by Fourier transform, A Fourier series describes the electron
density where each tcrm is a structure factor, The unit cell can be divided into # elements,
where the average electron density in volume element #, ts p,,. Equation 2.3 18 a stiuciure
factor equation describing a diffracted X-ray from a unit cell. In the unit cell, cach volume

element contributes Lo each reflection in a diffraction pattern.

P = S0+ o)+ + flp )+ F(p,) (2.3)

A large number of equations are produced from each reflection and they describe reflections

in terms of the electron density.

2.5.2.1 One-Dimensionuf Waves

A Fouricr series of n terms is shown in equation 2.4, using cosine as an example.

J(x) - i f, cos2z{hx+ ) (2.4)
=0

In order to obtain the complete information about the sample and the objects that scattered
the X-rays, the amplitude, frequency and phase must be known. From a diffraction pattern
the phase « is not known; therefore, the o, term has to be removed from the Foutier series.
As the phase cannot be obtained from the diffraction pattern this causes a problem (the phase
problem).  The phase problem can be overcome by scveral techniques including
isomorphous replacement, where heavy atoms (large atomic number) are introduced 1o a

structure binding specifically to each molecule in the unit cell, anomalous scattering and
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molecular replacement. More information regarding the phase problem can be found in

Stout and Jensen (1968), Glusker and Trueblood (1972), Rhodes (2000).

A basic waveform is {cos 2a{/x) + isin 22(#x)] and a complex number is produced from the
combination of the sinc and cosme waveforms. ‘The general form is a -+ 7b, where /7 is an
imaginary number (-1)*. Shown in equation 2.5 is a Fourier series, which is the sum of »
IFourier terms, one for each integral value of % starting at zero and finishing with ». Bach of

the terms in the sum is a wave with an amplitude #}, a frequency # and phase «

f(xn)= i It [cos 2m{(hx) +7sin 27 (hx)] (2.5}

h=0

Equation 2.6 shows the complex number as an exponential.
cos@ +isin @ =e' (2.6)

{ = 27/ix); therefore, the Fourier series becomes equation 2,7
HOEDW T @7
h-f

2.5.2.2 Three-Dimensional Waves

A Fourier series of a three-dimensional wave f{x,y,z) is shown in equation 2.8.

f(-\’,)’, Z) — 2 Z Z 1.;'/”;!e2m‘(lw.|-ky.|.ls) (23)
1

h &
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The frequency in the x-direciion is 4, in Lhe y-direction it is & and in the z-direction it is /.

This adds up all the terms for the possible sets of integers /4,4,/.

2.5.3 Fourier Transforms

Tourier transforms describe the mathematical relationship between an object and its
diffraction pattern (Rhodes, 2000). The diffraction pattern is also the Fourier transform of
the object or a group of objects. Fourler transform s a mathematical operation that solves
the structure factor equations for the desired function p(x,y,z). From a diffraction pattern, the
intensity of a reflection gives the amplitude of one Fourier term in the series that describes
a(x,),2). The position of the reflection Akl gives the frequency. The Fourier transform of a

funclion fx) is demonstrated below (cquation 2.9).

Fh) - j':f (x)e* ™"y (2.9)

The units of # are the recipracals of the units of x. This equation is reversible, where /(%) is
the transform of fix) and vice-versa. Fourier translorms can be used lo obtain informalion
about real space (f{x,},z)) from reciprocal space (/(h k) information. For any {unction

Sl 2) in three dimensions there is a function (i k1), displayed in equation 2.10.

Fk, 0 = [ [ § 10y, 2) @708 dedydz (2.10)
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2.6 X-ray Diffraction and Scattering

Diffraction is a scattering phenomenon as incoming X-rays are scattered by atoms in all
directions. In some of these directions, the scattered X-rays will be in phase; therefore,
reinforcing each other and forming diffracted beams (Cullity, 1978). Therefore, diffraction
is the restriction of scattering to specific vectors due to correlated objects. The ability of
samples to scatter or diffract depends mostly on the ordering of that material. Diffraction
results from samples with a repeating structure or regular packing, and small angle X-ray
scattering results from the particles or clectron density changes within the sample material,
which provides structural information about the material being analysed. Electron density
fluctuations within the sampic material can be investigated using X-rays since they intcract
with electrons and scatter producing a characteristic scaltering patlern that provides structural
information. Scattering is the deviation of X-rays from their incident path, which is caused
by uncorrelated objects. Length scales in the submicroscopic scale to the Anpstrom level
contribute to the scattering data, which relates to information about the molecular and atomic
organisation within the sample. The conceptual differences between SAXS and XRD are
shown in Figure 2.3. SAXS and XRD differ in the lacation of the scattering of interest,
where SAXS is typically at small angles in the vicinity of the primary beam and XRD is at

high angles.
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X-ray Diffraction
Diffraction from crystal lattice

Incident d SAXS

particles or changes in
&@;\; electron density

X-rays 3 @& ;t Scattering from

Figure 2.3 Schematic showing the principles of X-ray diffraction and SAXS.
Scattering at small angles results from particles (D) shown in red or electron density
changes within the sample. Diffraction results from the repeating structure or regular
packing within the sample, such as from the crystal lattice (d) shown in black. X-ray

diffraction occurs at high angles.
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2.6.1 X-ray Diffraction

Peaks of X-ray intensity are observed at certain deflected angles, as a result of the specific
imteractions between the X-rays and the electrons within the sample.  1f the sample has no
regular spatial relationship within it, this leads to no scattering signal accumulation from
each of the individual scatterers, therefore, there is no peak present only a scattering signal
that occurs over a broad range of scattering angles. The peak posilion, intensity and angular

distribution from diffraction patterns provide structural information about the sample.

X-ray diffraction patterns from crystalline powders provide information on the sample from
the position and intensity of the resulting concenlric rings. Information regarding crystallite
gize can be obtained from the X-ray diffraction pattern of a crystalline powder by measuring
the full width at half maximum (FWHM) of Bragg peaks. When crystallites are less than
~100 nm in size, there is found to be measurable broadening in the X-ray ditfraction lines, A
fult description on analysing the broadening of powder lines is given by Lipson and Steeple,
(1970). By measuring the FWHM of the diffraction peaks, information on coherent regions
of crystallinity can be found. These regions may correspond to the actual size of the crystals,
or act as a measure of coherent regions in the larger crystals. As an alternative to measuring
the FWHM of individual peaks, all the peaks in a diffraction profile can be fitted as a whole
using the Rietveld method (Rietveld, 1967; 1969). The Rietveld method is carried out using
least-squares refinements until the best fit is obtained between the entire observed powder
ditfraction paitern taken as a whole and the enture calculated pattern based on simultaneously
refined models for the crystal structures. X-ray diffraction line broadening can be uscd for
investigating microstructural characteristics such as size and strain due to dislocations within
a sample, and also can determine the degree of crystal perfection or atomic ordering. In

comparnison, the broadening of the primary beam with SAXS 1s insensitive to the strain and



imperfections of the crystallinity; therefore, SAXS analysis depends on the outer dimensions

of'the crystals (Fratzl ez al., 1991).

2.6.2 Small Angle X-ray Scattering

Small angle X-ray scattering is used to determine the structure and organisation of particles
in systems. Examples of structures that can be investigated using SAXS are colloids,
polymers, micelles, and voids or pores in solids. At low angles, scattering resuits from
changes in the electron density of the matter, such as the interfaces between molecules. X-
rays are scattered by eleclrons; therefore, when there are electron density inhomogeneities
within the sample then small angle X-ray scattering occurs. SAXS experiments are carried
out by passing an X-ray beam, which is well collimated and has a specific wavelength A
through the sample, and measuring the scattering intensity variation 1(q) as a function of the
scattering angle € (Cotton, 1991). SAXS experiments measure the scatlering intensity I{q} at
low angles, in order to investigate large scale stuctures from about [0 A up to several
thousand A (Glatter and Kratky, 1982). A more in depth description about small angle X-ray

scattering ts provided i Guinier & Tournet (1955) and Glatter & Kratky (1982).
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Figure 2.4 Schematic of a typical scattering event between two points P and O,

From the coherently scattered waves the scattering amplitudes need to be added according to
their amplitude and relative phase ¢. The relative locations of the scallering centres
influence the phase difference. The phase @ is 27/A times the difference between an arbitrary
reference wave and the optical path length of the wavelength. The incident wave vector k;

and the scattered wave vector kr are in phase since there is no energy transter and the

scaltering  angle between them 15 2€. The path length difference 1is
x —y=rk, —rtk, =—r{k, — k,), between (he X-rays through a point P and an arbitrary origin

O (i.e. between the two paths x and y) (Figure 2.4). The phase is ® = -qr if the scattering

vector is defined as q = (2r/2)k, —k;). This scattering vector bisects the angle between

di .
the incident and scattered beam and has length q = ”—Tsm[-) {Glatter, 1991).
I

‘The amplitude of the scattering intensity I(q) ts the Fourier transform of g(r), the correlation

function of the clectronic density p(r), which relates to the probability of finding a scattering
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object in the sample at position a if there is another one at position & separated by distance r,
Spatial correlations within a sample arc revealed by clastic scatlering experiments, where
there is no energy change and therefore the scattered and incident wavelength have the same
frequency. The shape and distribution of the scattering at low angles provides information
such as size, shape, arrangement and internal porosily of the scattering particles. The
information provided in the scaticring intensity can be analysed by tntegrating around the
two-dimensional scattering pattern at defined intervals and producing a one-dimensional
linear trace. This is shown in Figure 2.5, where A is a two-dimensional SAXS pattern and B

ts the corresponding one-dimensional lincar trace.
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Figure 2.5 SAXS data from a typical powdered eggshell sample obtained at the ESRF,
station ID18F. (A) A SAXS pattern showing the scattering distribution. 1 pixel
corresponds to 0.02 nm in q. Shape, size, orientation and arrangement of the scattering
particles can be obtained from the scattering distribution. The colours on the image are
an indication of intensity, where the lighter the colour the greater the intensity. The
shading at the top right of the image is from the backstop. (B) The linear trace below is
produced from the integration of the two-dimensional data between the intervals into a

one-dimensional linear trace plotted as log I(q) against log q.
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The analysis of a SAXS curve can provide different types of structural information about the
material that is being examined depending on the system. The parameters that can be
abtained from the specific regions of the scattering curve at different points on the g-axis are
shown in Figure 2.6. A SAXS curve is essentially unchanged if the electrons within a
particle are shifted by small distances in comparison to the overall dimension of the particle.
Therefore, a uniform electron density distribution can be considered when a particle has

small inhomogeneities.
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Figure 2.6 An example of a typical scattering curve is represented and indicated at

approximate regions on the curve are the parameters that can be extracted from it.
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The scatiering intensity is composed of the form factor P(q) and the structure factor S(q),
I(q)=P{q)* S(q). The particle size and shape (intraparticle) is related to the form factor
P(q), and interparticle correlations are related to the structure factor or interference function
S(q), which is a function of local order or the potential of interactions between particles. 1
the scattering patticles are independent scattering objects and there are no interparticle
interactions, then the form factor can be measured, in the dilute regime. The scattering
intensity s directly proportional lo the contrast Ap, the volume fraction ¢, the volume of one
particle V),, and the form factor of a single particle P(q). The structure factor can be obtained
from the scattering intensity, however, this information in certain cases cannot be extracted
from the intensity. If a peak is present in the scattering curve at low q, its position on the
curve is associated with the interference factor. The position at which this peak oceurs
provides information about the distance between the scattering particles. At low q therefore,
the structure factor can be obtained, providing information about the interactions between
particles in a system, The form factor can be measured at intermediate q values as shown in
Figure 2.6, providing information about the size and shapc of the particles within the system.
At high q, the scattering data provides information about the interfaces within the system,

which can be described by Porod’s Law.

2.6.2,1 Porod’'s Law

Porod’s Law can provide inforination about average particle size and void size. Within the
sample medium, spatial variations and density fluctuations contribute to the scatlering
intensity. Variations in the density are found at interfaces within many colloidal systems
(Auvray and Auroy, 1991). It the sarrounding solvent and the individual particles have a
sharp interface, then the scattering curve will follow Porod’s Law, which predicts a decay in

the scattering intensity of q*, at lower q values. If the particle has pores within it and if
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sharp interfaces occur, then at high q there will be a second Porod region.  If there are
different particles with their separate characteristic scales then it is possible to obscrve two
Porod regions within the scattering curve. A measurement of the surface area of the
scattering domains can be obtained by Porod’s Law. At the high ¢ region, the scattering
intensity follows an asymptotic law if there are sharp interfaces between two media. The
Porod constant (P) can be determined from the scattering intensity, where B is the

background, shown in equation 2.11.

I{q)=Pq ™ +B (2.11)

The Pored constant is the y-intercept (Figure 2.7) and the background is the slope can both
be obtained from the scattering curve when it is plotted as I{q)*q" against q* (Thomas ef af.,
1998). In order to obtain the Porod constant the most appropriate q-range has to be chosen,

since the Porod constant is an important parameter in the calculation of the surface arca.
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Figure 2.7 Scattering curve plotted as a Porod plot where the y-intercept is shown as

the red line is the Porod constang.

The surface area of the scattering particles is directly proportional to Porod’s constant, where
the asymptotic behaviour at high q (where q — <o) of the scatiering intensity I{q)} is shown in

Porod’s Law (equation 2.12),

Q) = 1.2rp” S/q* (2.12)

In cquation 2.12, 1, is a constant, p is the electron density difference between the scaitering
particles and the solvent/matrix, and S is the surface area of the interface between the two
media. As an example, lhe Porod region for eggshell material is indicated on Figure 2.8,
where the scattering intensity is decaying at a rate inversely proportional to the fourth power

of the scattering vector .



g . -

c :

-~ ] . _ ~

£ ;

§

£

g N B NG Porod Regian
- —t

E 1- I W) > o

£ L —

o

o

ni

masee i e At i

-6 00E-01 -7.00E-01 -6.00E-01 -520E-01 -4.COE-21 -3.G0E-C1 200E-07 1.00E-0i O.D0E1Q& 1.00E-D1 2.00E-01 3.00E-0%

log ¢ (nm™)

i

Figure 2.8 Double logarithmic scattering curve obtained Irom an eggshell sample.
The straight line depicts the Porod region, where the decaying intensity is in inverse

proportion to the fourth power of the scattering vector g, (I{g) « q™).

2.6.2.2 Guinier Approxinution

Constructive interference involves the probability that within a particle there is a point (A)
and another point (B) at a distance of r = 1/ apart. With regards to an isotropic system, this
is initially calculated by averaging any starting point within a particle and then averaging any
direction for the vector, r, leading to a double summation, which is exactly the same as
deducing the moment of inertia for a particle. 'I'he moment of inertia. is the quantity mr® of
the particle, where m is the mass. Instead of using the mass the electron density within the
particle is used, this produces the radius of gyration (R,) of the particle. The Ry, if there is a
distribution of particlc sizes and shapes, represents a second moment (the expected value of

the square of the deviations of a random variable from the point of origin) of the distribution
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of the shape and size about the mean. In order to obtain the R,, all possible points in the
particle that a vector 1 can have within the particle are averaged initially, and then from an
arbitrary point the probability that a randomly directed vector will be within the particle is
calculated. A Gaussian distribution cloud producced from the summation of the possible
points of the particlc can then be used to represent the meaning of this probability p(r), in the
vicinity of r = particle size. The volume fraction of the particles squared is represented at
fow q. When r = 1/q, this is approximately the average particle size of Ry, and can be seen
by a decaying exponential function. The average pasticle size is represented in the Ry
Therefore, the Rq is the root-mean square of distances of all the electrons from their cenire of

gravity (Glatter and Kratky, 1982).

In a Guinier plot, the In I(q) vs q° is plotted. The square root of the slope of the linear part at
low g provides R, where R provides information on the distribution of the scattering objects
with respect 10 the particle centre of mass. A Guinier plot is shown in Figure 2.9, where all
the scattering data are shown in Figure 2. 9A. The initial points at lower q values are used for

the determination of the radius of gyration as shown in Figure 2.98.
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Figure 2.9 (A) A Guinier plot (In I{q) against qz) of all the scattering data. The red

hox contains the iitial points that are used to calculate the radius of gyration and only

these points are plotted and shown in B. The slope of this portion of the scattering

curve is used to calculate the size of the particle.
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From the scattering at low ¢ values, the R, of the particles can be obtained using the Guinier

approximation (equation 2.13) (Butter ef ai., 2005).

2 (2.13)
I(@)=1(q = O)exp(-q* R‘*%)

7

In the Guinier plot, the data at tow ¢ should be a straight line with a slope R, 4 . With

regards to homogenous spheres, the radius (R) of a sphere is related to the radius of gyration

by equation 2.14,

:_ 3R
RS ="" /4 (2.14)



2.7 X-ray Sonrces

A description of the instrumentation used throughout this work to collect data is given here.
A major part of this work involved data collection using the NanoSTAR, a laboratory based
X-ray facility at Cardiff University, and also synchrotron radiation sources (SRS) (Daresbury
Laboratory and the [Curopean Synchrotron Radiation Tacility). Here, the theory of
synchrotron radiation is discussed, followed by a brief description of each of the beamlines

that were used.

2.8 Synchrotron Radiation

Synchrotron radiation was developed in the 1940s, about 50 years after the discovery of X-
rays. Synchrotron radiation is now used as a tool in many scientific research fields, such as
physics, chemistry, geochemistry and biology. Synchrotron facilities are used to probe the
structure ol matter and investigate materials at a molecular and atomic level. The term
synchrotron radiation is given to radiation that occurs when charged particles are accelerated
in an orbit to relativistic velocities and their path is bent by a magnetic field. The radiation is
characterised by certain parameters including flux, brilliance and speciral energy range. The
[lux is the amount of radiation per unit area per unit time and can be specitied as photons;
therefore, photon flux is the number of photons per unit area per unit time. The properties of
synchrotron radiation include high spectral brilliance (brightness), which is the photon flux
per unil area per unit solid angle. Synchrotron radiation is highly intense and collimated
(mosl of the waves are in the same direction), and it is emitted with a wide speclrum of
cnergies.  Another property of synchrotron radiation is that it is highly polarised, either
linearly or circularly. The synchrotron facilities that were used in the work presented in this
thesis were the SRS Daresbury Laboratory, in Cheshire, UK, and the European Synchrotron

Radiation Facility {ESRF), situated in Grenoble, France. The X-rays at the ESRLE are a
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thousand billion times brighter than the beams used in X-ray machines within hospitals. For
example, at the ESRF, a high brilliance beamline (ID02) uses three undulators to provide a

high photon flux with a low divergence.

Bending Magnet 1‘ Synchrotron
Radiation

Synchrotron
Radiation

Multipole

Wiggler Undulator
torage Rin

Synchrotron . o

Radiation

Figure 2.10 Schematic of a simplified layout of a synchrotron radiation facility.
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Synchrotron radialion facilities are composed of a pre-injector (a lincar accelerator), booster
and storage ring (Figure 2.10). Briefly, clectrons are emiited by an electron gun, and the pre-
injector fires the clectrons into the booster where they are accelerated by radio-frequency
(R¥) felds. Once they have reached their target energy the clectrons leave the booster ring
and enter the storage 1ing. When electrons are fired from the electron gun they flow into the
kiystron. Klystrons (evacuated electron tubes) are microwave amplifiers, where microwave
power energises electrons thercfore maintaining their energy im the storage ring. A
microwave signal intersects the electron beam producing a pulsed beam, which 1s composed
of separate electron bunches. Klysirons also powcer the RF cavity, which receive RF energy
and pass it onto the electrons as they pass through them. Klystrons are required to maintain
and restore loss of electron energy. The electrons are accelerated at ielalivistic velocities
(when particles are moving close to the speed of light), which leads to the emission of
photons at a tangent to the orbit. Emiited photons with energies ranging from infra-red to X-
rays, termed synchrotron radigtion, are channelled down beamlines. Whilst in the storage
ring, the electrons pass through different types of magnets, including bending magnets,
undulators, wigglers and focusing magnets. These devices force the beam of electrons to

follow a sinusoidal trajectory, which produces an increase in the intensity of the radiation.

The bending magnets keep the electrons circling around the inside of the storage ring, and
the electrons are deflected as they pass through the bending magnets resulting in the
emission of synchrotron radiation. An example of a dipole bending magnet is shown in

Figure 2.11.
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Figure 2.11 Schematic of a dipole bending magnet that is situated within the storage
ring. Synchrotron radiation is emitted as the beam is deflected as it passes through the

bending magnet.

Undulators are composed of small magnets in an array forcing the electrons into a wavy or
undulating trajectory. This results in the radiation beams overlapping and interfering with
one another and thus producing a more intense radiation beam. The emitted radiation
produces a strong peak at a specific photon energy with higher harmonics, and the radiation
is emitted in a cone that is narrower than that produced by bending magnets. The narrow
beam is well collimated in both the vertical and horizontal directions with intense radiation at
a specific wavelength and has a high spectral brilliance (brightness). An advantage of an
undulator is that the emitted radiation is in a cone with small divergence; therefore, the
majority of the photons that are emitted strike the sample. Beam divergence is increased
when the beam is focused to a smaller size; however, apertures can decrease beam size and

divergence but this results in a loss of flux.
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Wigglers are similar to undulators in that they consist of a lincar array of alternating
magnetic dipoles but usnaily have fewer dipoles than undulators, forcimg the electrons to
oscillate and emit clectromagnetic radialion. Multipole wigglers usually have higher
magnetic fields compared to bending magnets, stimulating more radiation at higher energies
since the electrons are forced around tighter bends. Wigglers produce a spectrum with
higher flux which extends 1o shoiter wavelengths compared to that produced by bending
magnets. Therefore, the radiation is emitted over a range of energies. Focusing magnets
maintain a well-defined electron beam in the storage ring; these are placed on the straight
sections. Specific wavelengths of the synchrotron radiation can be tuned by changing the
spacing of the magnets; therefore, each beamline can have its own spectral characteristic.
The emitted synchrotron radiation is directed down beamlines which extend tangentially off
the storage ring. The radiation is then used al each specific beamline, which has been

designed for specialised experiments.
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2,9 SAXS Instrumentation

The three main sources of data collection were the NanoSTAR facility at Cardiff University,
beamlines 14.1 and 6.2 at the Synchrotron Radiation Source, Darcsbury Laboratory, and
beamlines ID18F and ID13 of the European Synchrotron Radiation Facility. The X-ray
source for beamlines 14.1 and 6.2 are multipole wigglers, and undulators for beamlines

IDI8F and ID13. Each of the SAXS instrumentation set-ups are described below,

2.8.1 NanoSTAR Facility

‘The NanoSTAR facility is an in-housc X-ray scattering system at Cardiff University that is
capable of both SAXS and XRD measurements depending on the sample to detector disiance
(Figure 2.12). It is a commercially available system from Bruker AXS (Karlsruhe). This
system has been used for the data collection of partially ordered biclogical systems,
collagenous materials such as tendon, parchments, skin and bone, and alse celiulose fibres.
The NanoSTAR is mainly vsed to analyse samples under vacuum; however, hydrated
samples can be examined but they need to be contained within specific sample cells to avoid

dehydration in the vacuum sample chamber.
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Figure 2.12 Images of the NanoSTAR. The top images show the detector and the
sample stage, both the x-y sample stage and the two-dimensional area detector are

computer controlled.
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A Kiistalloflex 760 X-ray generator is used to generate X-rays from an electrical source,
Cross-coupled Gobel mirrors (Schuster and Gobel, 1995) and a 3 pinhole collimation system
focus the X-rays to provide a highly intense, parallel X-ray beam of 0.4 mm by 0.8 mm and
with a wavelength of 0.154 nm (Cu Ka). Gobel mirrors are parabolically bent; this resulis in
a divergent beam hitting the mirror at different locations and angles producing a diffracted
parallel beam. The scattering data is collected on a HI-STAR two-dimensional position-
sensitive gas detector allowing both isotropic (identical in all directions) and anisotropic
(exhibiling different propertics in all dircctions) scaitering data to be measured. The detector
is compriscd of an X-ray proportional chamber, two-dimensional multiwire grid, and
electronics that control the detector, data collection and storage. The proportional chamber
contains a beryllium window, which reduces X-ray absorption and parallax effects. ‘lo
ensure the complete capture of all incoming X-ray photons, there is a high pressure xenon

gas mixture. Each photon changes to a charged pulse and is collected on the multiwire grid.

The NanoSTAR has many advantages compared to the synchrotron radialion sources: the
system is on site; therefore, it is readily available to use, unlike synchrotron radiation sources
where beamtime needs to be applied for and time is limited. The NanoSTAR system is
automated; therefore, samples can be loaded and left to collect data over a length of time
defined by the user. The NanoSTAR sample holder has been designed to allow multiple
samples to be analysed at one time therefore reducing the loading time of samples into the

NanoSTAR.
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2.9.2 Daresbury Synchrotron Radiation Source, Station 14.1

This station is used for protein crystallography, fibre diffraction and non crystalline
diffraction. A fan of 4 mRad of radiation is provided to the beamline from the side of the
multipole wiggler. Through the use of a 1.2 m silicon substrate, rhodium coated and water
cooled mirror, the incoming radiation 1s vertically focused. The monochromator at station
14.1 is one of two cut Si (111) crystals to produce wavelengths of 1.488 A and 0.977 A. The
focused, collimated and monochromatic X-ray beam has a focal spot of 200 um by 200 pm.
An image can take around a few tens of seconds to a few minutes to collect. The detector
that is used 15 a Quantum 4 ADSC (area defector systems corporation), which has a readout

time from 1 s 10 9 5. The beam stop is made of kead and is mounted on a mylar strip.

2.9.3 Darexbury Synchrotron Radiation Seurce, Station MPW6.2

A detailed description of MPW6.2 {multi-pole wiggler 6.2) is provided in Cernik e/ af.
(2004) and Tang e/ o, (2004). MPW6.2 15 used for combined small angle X-ray scattering
(SAXS), wide-angle X-ray scattering (WAXS) or powder diffraction and extended X-ray
absorption fine structure spectroscopy (EXAFS) experiments (Tang ef o, 2004). This
station enables examination of studies in solids and solutions to investigate changes in
atomic and molecular arrangements. The high flux X-ray beam and low bandpass altows for
the study of in sifie material processes and for kinetic systeins where the experiments involve
nucleation and crystallisation, this is the case for the crystallisation experiments of calciizm

carbonate as described in Chapter 6.

The X-ray source for the station is a 10-pole wiggler that produces radiation which is split
into two beams. The beamline cousists of two lead shielded hutches, where the first hutch is

the optics and the second is the experimental hutch. Within the latter, there is a oune-
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dimensional WAXS detector, EXAFS table and SAXS quadrant detector. The readout
system uses Refined ADC (analogue-to-digital converter) Per Input Detector (RAPID)
electronics (Berry et al., 2003 Helsby et al., 2003), which enables the detectors to operate at
very high-count rate and permits for short data collection times around the millisecond and

second regions.

Experimental Hutch Optics Hutch

Be Window Slits 3

Mirror 2

Figure 2.13 Schematic of the layout of station MPW 6.2 at SRS Daresbury showing all
the optical components that are involved in the vertical focusing of the beam to the

station. This schematic has been adapted from Tang et al. (2004).

The optics within the station consists of firstly one planar mirror, which provides a vertically
collimated beam for the monochromator, the optics components are shown in Figure 2.13.
The second mirror is after the monochromator and focuses the beam vertically. The
monochromator has a double bounce arrangement and consists of two single silicon crystals
that have the (111) direction cut normal to the reflecting surface (Tang er al., 2004); this

system allows for horizontal focusing of the beam (Figure 2.14). The energy range available
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at this station is 5 to 18 keV; the optimum photon flux output is at a peak at about 8 keV
(Cernik ef al,, 2004). The focused beam size is approximately 0.5 mm vertically by 2 mm

horizontally.

51 (111) double bounce
monochromator

/

Incoming beam

Figure 2.14 Schematic of a Si (111) double crystal monochromator, which helps Tocus

the beam horizontally.
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2.9.4 European Synchrotron Radiation Facility, Beamline ID18F

IDI8F is used for scanning X-ray fluorescence microscopy, and XRD and SAXS

microdiffraction (Figure 2.15).

Primary
I Slits
Si(Li) Vacuum Sc_«:ondury N 1
Diffraction Detector | Tubes = Slits
D / T N r :\ F I- [ ] -_ [
| I Emamn
..[I__-_.U._...__.__ I.--*
v >y : | | i’ \ Undulator
Sample l'()cv\_mn.g
by T Double Crystal, Si(111)
@:o ((.% monochromator
Microprobe set-up Experimental ~ Optics Optics Hutch 1
Experiments Hutch 3 Hutches Hutch2  (side view)
Beam Beam
; g Attenuators
monitors shutters

Figure 2.15 Schematic of the layout of beamline ID18F, showing the optics hutches
and experimental hutches. Each beamline at the ESRF includes optics, experimental
and control hutches. The control hutch at ID18F is found beside the third experiment
hutch although has not been included in this diagram. This diagram has been adapted
from Somogyi ef al. (2001).

To produce a tuneable monochromatic excitation beam with an energy range of 6 — 27 keV,
the beamline uses three undulators and high heatload fixed exit double crystal Si(111)
monochromator (Somogyi ef al., 2001). The beamline has three detectors: a Si(Li) detector,
a high resolution charge coupled detector (CCD) camera, and a two-dimensional diffraction
CCD camera. Parabolic compound refractive lenses (CRL) (Snigirev ef al., 1996; Lengeler

et al., 1999), found at a distance of about 59 m from the X-ray source are used to produce a
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focused X-ray beam. A number of individual Al lenses are used depending on the focused

beam energy to comprise the CRL (Figure 2.16).

n Lenses

Pl /I Incoming beam

Optical axis

Refracted beam

Figure 2.16 Schematic of a compound refractive lens at the top: underneath is an
individual unit of a compound refractive lens used at ID18F to focus the beam. The

CRL is composed of individual Al lenses.

The Si(Li) solid state detector (GRESHAM) is used to detect the characteristic X-ray line
intensities produced from the excited micro sample area (Figure 2.17). This detector is used
to collect fluorescence data simultaneously with the diffraction data if required; it has a 30
mm” active area, 3.5 mm active thickness and an 8 pum thick beryllium window. The Si(Li)

detector is placed 90 to the plane of the incident beam. The X-ray spectra are collected by a
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CANBERRA 9660 digital signal processor and a CANBERRA 556A AIM (acquisition

interface module).

Diffraction

CCD XRF Detector
Si(L1)

Compound
Refractive Lens

AT T T

1

I, Monitor — :)QOOQ</

©

Alignment
CCD

Sample ;
1 Wlonitor Incident X-rays

Figure 2.17 Schematic of the layout of the microfocus set-up at ID18F, showing the

CRL, different detectors that are used, and the ionisation chamber monitors.

A high resolution X-ray camera is used to align the microprobe and to obtain a radiographic
image of the sample. When the X-rays hit the thin phosphor screen they are changed to
visible light and using light magnifying optics they are imaged on a 14-bit dynamic range
CCD camera (Sensicam), with a resolution of approximately 1 um and a field width of

approximately 0.6 mm. The use of this camera ensures that the microprobe is aligned onto
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the area of the sample that is to be scanned and also that the scanning area is known for
relerence purposes. The images produced on the Sensicam can be saved onto a computer

controlled within the hutch.

The detector that is used for the collection of the X-ray scattering data is a CCD camera,
described in Wess ef «f,, (2002). The X-rays hit a gadolinlum-oxosulphate powder film,
which 1s 30 mm thick and converts the X-rays into visible light. The camera is coupled (o a
tapered fibre-optic bundle which transfers the light to a peltier cooled CCD chip producing
16-bit dynamic range. The read-out time from the CCD camera is appioximately 20 s. The
softwarc controlling the detector is within the hutch. To protect the detector from the direct

beam a tungsten backstop 500 pum in diameter was used to absorb the main beam.

Between the CRL and the sample there is space for a pin-hole to define the heam-shape and
also a photodiode and/or ionization chamber [or beam monitoring. The focused beam has an

" photons per second; this is dependent on the number of

intensity of fypically 5 x 10
undulators that are used as well as the incoming beam cnergy. The beam size is usually 1-2
pum vertically and 12-15 pm horizontally (FWHM), however, the horizontal beam size can
be reduced if the secondary slits are closed. This will result in a decrease in the intensity: for
example, for a 5 pum beam size, there will be a loss of intensity of about 40 %. The
ionisation chamber monitors the incoming focused beam intensity and is used for correcting
the variation in intensity of the excitation beam. It is 10 mm parailel to and 5§ mm

perpendicular to the beam direction so it is small enough that it can be placed refatively close

to the sample.



The sample is mounted onto a sample stage (or can he mounted onto a goniometer head or
sltide frame holder), which consists of one rotation and three transiation motors. The three
translation motors conirol the sample alignment in the horizontal and vertical directions,
where the scanniag range is 50 mm by S0 mm, horizontal and vertical. The minimum
horizontal step size is | um and 0.1 um vertically. The incidence angle to the surface of the

sample can be adjusted on a vertical axis using the rotation stage.

2.9.5 Eunropean Synchrotron Radiation Facility, Beamline ID13

1DI13 is a microfocus beamlineg, which provides small focused beams for X-ray diffraction
and small angle X-ray scattering. The sct up allows for both scanning diffraction and single
crystal diffraction experiments, and also scanning X-ray microfluorescence.  Further
informaltion about the beamline can be found on the ESRF website at www.est i, Briefly,
the X-ray source for this beamline uses an 18 mm period in-vacuum undulator, which has
been optimized to obtain energy of 13 keV. There is also a 46 mm period tuncable undulator
for difterent energies. The incident photon energy range is between approximately 5 keV
and 17 keV; however, without focusing, higher energies are available. The beamline aiso
uses a liquid nitrogen cooled Si(111) double monochromator. The detector used is a two-

dimensional Mar-CCD with 2048 by 2048 pixel image.

‘The station has two experimental hutches, where the first contains a microgoniometer, awd
using a focusing mirror and aperture combination generates heam sizes of' 5, 10 and 30 pm.
This hutch is specifically used for fibre diffraction, protcin erystallography and small unit
cell crystallography. The second experimental hutch, contains an x/y scanning stage and
also specific optics to obtain a beam of > 5 pm microbeam, a Kirkpatrick-Baez (KB) mirror

(Kirkpatrick and Baez, 1948) and defining collimator are used. KB mirrors ave grazing
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incidence rellecting mirrors used to focus X-rays to spot sizes of the micron spatial scale.
One reflector focuses in one dimension and another reflector focuses in the second
dimension and is found further downstream than the first. A 2 um beam size is obtained
through use of capillary optics, where the beam divergence at the capitlary exit is 2.3 mrad at
13 keV. 0.5 pum beam can be achieved by KB mirror submicron beam optics. By using
waveguide optics a beam size of about 100 nm can be achicved, the horizontal beam size can

be compressed to about 3 pum by a mirror.

2,10 XRD and SAXS Data Analysis

The XRD and SAXS data collected from the X-ray facilities described previously were

analysed as detailed in the next sections.

2.18.1 XRD Duta Analysis

The two-dimensional diffraction data from powdered eggshell samples obtained from the
NanoST AR facility, and station 14,1 at thc SRS Daresbury Laboratory were converted and
output as a linear trace (Intensity against Bragg angle degrees 20). The full width at half
maximum (FWHM) measurements of the more predommant (104) reflection peak of calcite

was fitted into the following Debye-Scheirer equation (2. 15) to obtain the average crystallite

$120.

K (2.15)
fcosb

A is the wavelength, O the diffraction angle, K is a numerical constant of the order ol unity,

which Scherrer found (o be 2(log 2/x) % — 094, = \/(_Bz .—?) , where B is the breadth of
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the observed peak, and b 1s the bread(h arising {rom instrumental broadening obtained from a
standard diffraction pattern (Newman, 1999). For example, the highly crystalline [004)
reflection peak from cellulose at a d-spacing of 0.2585 mm was used as b in this study. The
FWHM measurements taken tfrom the linear peak profile were extracted using the computer
pragram Xfit obtained from Collaborative Computer Projoct 13, UK. The peak widths were
measured using a Voigtian line shape fitting, which is the convolution of a Lorentzian with a
Gaussian, this ensured the most appropriate and accurate measurements as it provided the
best fit to the data. The ratio of the width of the Lorentzian to the widih ol the Gaussian, w,
corresponds to the shape parameter, s. When s = 0, the consequent curve is a Gaussian of
width w. This can be expressed as equation 2.16

(www.ccpl3.ac.uk/software/prograny/xiit. himl), where 4 15 the height of the peak.

i -4!.1:1(;,";)1
y=hj — dr (2.16)
x+ 2 7))+ In2s?]
W

€
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2.10.2 SAXS Data Analysis

The two-dimensional SAXS data collected on the NanoSTAR and at the ESRF were
integrated azimuthally as shown in Figurc 2.18, where 0 is the scattering angle and y is the
azimuthal angle in the plane of the detector. This SAXS data analysis can provide

information concerning crystal size and shape (Gupta ef @/, 2003).

q

T\\ A
Two-dimensional
Sample L Detector

,//?jé’”’

Incoming
X-rays

>

Figure 2.18 Schematic of a typical SAXS experimental setup. 0 is the scattering angle

and y is the azimuthal angle in the plane of the two-dimensional detector.

With the data from the NanoSTAR and the ESRF, the intensity 1{q) was plotted against q as

. . . . 4d7sin @
linear traces, where ¢ is the scattering vector and is equal tog=-" -

. A is the

u

wavelength, and © is the angle between the incident beam and the scatlered beam. The linear
SAXS intensity profiles allowed the surface arca to volume ratio to be determined, which
gives information on the size of the scattering objects. Trom the linear profites, two

parameters, the invariant and Porod constants were determined; the invariant, J, provides
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information on the average volume and the Porod constant, P, provides information on the
surface area. The invariant is the total area under the curve obtained in a Kratky plot (I(q)q”
against q) (Figure 2.19). The Porod constant is the y-intercept in a Porod plot ((q)q" against

q"), as described in subsection 2.6.2.1.
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Figure 2.19  Scattering imtensity (I{g)q®) plotted against q produced by integrating the
two-dimensional SAXS data.

The data is plotted fom qun (0.14 nM™) 10 Qnax (1.8 nm™); when calculating the invariant,
the curve is cxtrapolated to g = 0 and ¢ = oc. At high g values, above Quay, the cutve )
can be cxtrapolated using Porod’s Law. At low q there is no rule to extrapolate, and so the

curve must be estimated with the least crror. In the case here, little contribution is made at
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low q before qu from this region to the total integral and therefore can be exirapolated

_ : P . .
linearly to zero (Traizl ef oof., 1996a). At high q, I(q}= —, which according to Porod’s Law

Ka)

applies to systems with sharp interfaces; for example, between the organic and inorganic
componenis. The invariant and the Porod constant can be applied in equation 2.17 o
cstimate a parameter T, which is the size of the scattering objects, and bas been used to
determine typical crystal thicknesses in bone samples (Fratzl et al., 1991; 1992; Fratzl,

1994),

oo M (2.17)
P

1l

Average properties of the scattering objects can be obtained through integrals and
manipulations to provide information on the surface area and average volume. The surface

area to volume ratio gtves an esttmation of the average object size.

2.11 Conclusion

This chapter has provided a background to the cxperimental technigues used in this thesis,
and the XRD and SAXS data analysis was described. The X-ray sources and the different
beamlines that were used were discussed. From cach of the experimental configurations,
valuable information was provided regarding the eggshell structure at the nanometer length
scale, which until now has never been investigated using SAXS. This is described in the

following results chapters of this thesis.

In the next chapter, microfocus SAXS is used specifically to scan through each of the layers
within the eggshell and investigate nanostructural variations within the different fayers, by

step by step scanning over iniact eggshell scctions. This provides a mose in depth analysis
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due to the smaller beam size used, allowing a greater point to point resolulion in arder to

oblain measurable structural parameters such as size of the scattering objects.
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Chapter 3

Two-Dimensional Mapping of Normal and Abnormal Eggshells

3.1 Introduction

There are many factors that influence the structure and quatity ot the eggshell including the
nutritional status, breed and age of the hen (Wolford and Tanaka, 1970). Iiggshell quality
has a direct effect on the economics of egy production with between 8 — 10 % of total egg
production being downgraded due to cracked or broken eggshells (Hamilton et al, 1979a).
Cracked cggs however do not just result in financial {oss to the producers they also pose a
health risk to humans since potentially harmful bacteria can more readily enter the egg
contents.  As a consequence, considerable efforl has gone inlo designing more efficient
automated systems for handling eggs (Anderson and Carter, 1976) and developing online
crack detection gystems (De Ketelaere ef al, 2000; 2004). A complementasy approach is to

improve the strength and quality through breeding or nutritional programs.

The mechanical properties and overall quality of the eggshell result from a precise regulated
sequence of events (Fernandez ef al., 1997), where structural alterations during the early
stages of eggshell formation influence its overall functional properties. During eggshell
formation, a number of different proteins are expressed in the oviduct and become

incorporated into the eggshell.

As previously stated the mechanical and structural properties of any biomineral are likely to
be due to their composition at each length scale. SAXS in conjunction with a focused
microbeam allows for greater resolution and detailed analysis of biominerals at the

nanometer length scale due to its smaller beam size. Scanning microfocus SAXS (HSAXS)
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allows local nanostructural features over select regtons or over the entire thickness of a
specimen Lo be investigated. This technique has previously been applicd to investigate
structural features in other hierarchical biominerals including bone (Paris et af., 2000, Wess

et al., 2001a), and calcified avian tendons (Gupta ef al., 2003).

‘I'he organic mairix component of the eggshell is thought to exert partial control on the
eggshell microstructure by influencing crystal size and morphology (Arias ef @/, 1993; Nys
ef al, 1999; Nys e¢f af, 2004). In this section, the mteraction between the protein and
mineral phases of the eggshell are investigated for the first time at the nanometer fevel. In
particular, nanostructural mapping through the thickness of the eggshell al micron size
intervals is presented. The possible effects of oviducal dysfunction on the nanostructural
properties of the eggshell are also investigated by comparing the nanostrucrural two-

dimensional maps of visually normal versus abnormal eggs.

3.2 Materials and Mecthods

The eggshell samples used in these investigations were selected on the basis of being
visually normal or abnormal following the criteria described by Hughes ef al. (1986). A
normal eggshell is characterised as having a regular shape, with an even colouring and
smooth surface. Abnormal eggshells, under the classification of misshapen, are eggs that
appear distorted or have a wrinkled shell surface at certain areas or over the entire surface. A
total of six eggs, three normal (Figure 3.1A) and three abnormal - wrinkled eggs (Figure
3.1B) were obtained dircctly from a commercial egg production unit and prepared for

microfocus SAXS as follows.
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Figure 3.1 A = Example of a normal eggshell, and B = Example of an abnormal

eggshell — wrinkled eggshell.
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1 cm? sections of the normal and abnormal eggshells were removed from the equator of each
egg using a rotating, diamond tipped saw attachment fitted to a dentist drill. Each specimen
was then impregnated with Crystic resin using butan-l-one peroxide and cobalt octoate
catalysts (Adderley ef al., 2004). The polyester resin system was mixed with acetone and
degassed prior to vacuum impregnation. The embedding procedure was conducted at the
University of Stirling. A Buehler 1somet low speed saw with diamond wavering blade was
then used to cut impregnaled eggshell sections of 300 um thickness using rapeseed oil as a
cutting fluid. All 300 pm sections were analysed on becamline ID18F (dcscribed in

subsection 2.9.4),

150 pum thick sections of the normal eggshell samples were also prepared and then polished
to a final thickness of approximately 110 pm using a DAP-V (Struers, Copenhagen,
Denmark), which is a small motor-dviven machine that 1s used for wet grindmg, and for
diamond and alumina polishing. To allow even finer sections (50 um) to be attained
additional samples of the normal eggshell werc embedded using an alternative procedure
carried out at the Max-Planck Institute of Colloids and Interfaces, Germany. Briefly,
sections of eggshell were cut from the equator, then dehydrated and embedded into
polymethyl methacrylate (PMMA). Afler curing, a diamond saw was used to cut sections,
which were then polished to a final thickness of 50 um. These thinner sections allow for less
averaging over the depth of the sample and more accurate parameter measurements, and
permitted the mammillary layer of a single caleite column to be examined independently of
the surrounding columns. The 50 um sections were analysed at beamline ID13 (described in

subgection 2.9.5).
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3.2.1 Data Collection

Microfocus SAXS (USAXS) was carried out on the microfocus beamlines [DI18F (sece
subsection 2.9.4)} and D13 (described in subsection 2.9.5) at the European Synchrotron

Radiation Facility (ESRF), Grenoble, France.

3.2.1.1 Scanning ynSAXS atf heamiline IDI8F

At beamline IDI8F, the wavelength of the microbeam was 0.086 mm and the beam was
focused (o 1.5 pm vertically by 7 i horizontally (full width at half maximum) through the
use of'a compound refractive lens (Snigirev ef al., 1996; Lengeler ef al., 1999). The sample
to detector distance was 20 cm; in order to stop the dircet beam hitting the detector a
tungsten backstop 500 um in diameter was used. The detector pixel size was 150 um both
horizontally and vertically, and the scattering limits range from ¢ = 0.187 nm™ to 2.00 nm™.
Each sample was mounted on a goniometer and then to a motorised stage controlicd
remotely. 'The eggshell samples were aligned perpendicularly to the direction of the incident
X-ray beam, with the sectioned eggshell facing the beam (membranes at the bottom and

cuticle at the top) as shown in Figure 3.2.

Eggshell Sample

Incoming Embedded in Resin Scattered

X-rays X-rays

Figure 3.2 Schematic representation showing the alignment of the eggshell sample in

the X-ray beam.



In order to observe microscopic features and locate the area to be scansied, an X-ray
transmission image (figure 3.3 and 3 8A) was taken of each of the eggshells prior to starting
the microfocus SAXS scans. This was achieved by removing the microfocus elements and
using the defocused beam in connection with a high resolution camera (see subsection 2.9.4).
Using the microfocused beam, the normal eggshell sections were scanned over 500~ by 300-
i arcas sampled at ingervals of 16.7 um vertically and 12 i horizontally. A total of 806
SAXS patterns were taken over this area. Overall scan dimensions ensured that both the
outer and inner suwrlaces of the eggshell were included in the sample. A similar set-up was
used for the abnormal eggshells, except the vertical scan length was 500 fun sampled at 16.7
pm intervals, and the horizontal scan length was 300 um sampled at 10 um intervals. 961
SAXS patterns were taken over this area. In order to oblain detailed scans from each
eggshell sample, the horizontal step size was incieased to reduce the time taken for each scan
since beamtime was limited. The abnormal eggshells were scanned before the normal
egeshells; therefore, the horizontal step size was increased for the normal eggshell scans.
The structural detail obtained in the vertical scan provided information about the layers;
therefore, instead of losing point to point reselution in the vertical direction only the

horizontal step size was increased.
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Figure 3.3 X-ray transmission image of a normal eggshell, obtained using the
defocused beam. The box in red depicts the scanned region. The sample is bathed in
the direct beam; differential X-ray absorbance allows microscopic features to be

observed.
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3.2.1.2 Scanning puSAXS at beambine ID13

A more detailed analysis [ocusing specifically on the mammillary layer of the 110 pm
section of normal eggshell was investigated at beamline 11313 at the ESRF by using a smaller
beam size and step size between each PUSAXS measurement. In this experimental
configuration, the microbeam was focused to | um in diameter by two sets of Kirkpatrick-
Baez mirrors (see subsection 2.9.5). A 16-bit readout CCD detector (X-ray Associates
(XRA)) was used to collect data, and the wavelength of the beam was A = 0.0976 nin. The
scattering limits range fom q = 0347 nm™' — 2.601 nm™ and the sample to detector distance
was 290 mm. The detector pixel size was 150 pm vertically by 150 um horizontally. The
sample section was attached to the end of a glass capiliary using super glue and mounted on
the sample stage. A light microscope was used to locate an area of interest on the sample (o
scan and Lo align the sample before the microfocus scan commenced. The area of the
eggshell scanned corresponded to that of the mammillary layer. ‘The scan dimensions were
130 um vertically by 100 um horizontally and each step size was 2 pum vertically and 5 um

horizontatly.

The experiments at 113 were repeated on the 50 um sections of normal eggshell. The
samples were again glued onto the end of a glass capillary tube mounted on the sample stage.
A similar experimental configuration at ID13 was used as described before; however, in this
case, waveguide optics were used in order to produce a smalier beam size of 300 nm and the
sample to detector distance was 360 mm. The area scanned again corresponded 1o that of the
mammillary layer. The scan dimensions were 60 um vertically and 115 pum horizontally and
cach step size was 2 pm vertically and 4 pum horizontally. The scattering limits range from ¢
= (0.203 nm” to 2.628 nm’. X-ray transmission measurements were obtained at exactly the

same points on the eggshell as were taken for the pnSAXS scan. The photon counts were
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measured on a pin diode instead of the detector. These values were used to produce a two-

dimensional transmission map.

3.2.2 Data Analysis

Using the FIT2D software package (A P. Hammersley, ESRF, France), composite images of
the two-dimensional microfocus SAXS patterns from the sections scanned at both beamlines
1D18F and D13 were produced (Figures 3.4B, 3.8B, 3.11R, 3.12B). The program was also
uscd to generate the corresponding total intensity maps, where the greater the total scattering
intensity the darker it will appear on the map (Figures 3.4C, 3.8C, 3.11C, 3.12D). These
maps provide information about regions in the eggshell where there are greater electron

density contrasts therefore resulting in an increase in scatter.

Details regarding the SAXS data analysis are given in subsection 2.10.2. Briefly, to aobtain
further information from the data, the scattering intensity of the two-dimensional pSAXS
patterns were integrated to one-dimensional linear profiles with the background subtracted
(Gupta et al., 2003). From the linear profiles, the surface area to volume ratio, which gives
an indication of the dimensions of the scattering object were determined through the two
parameters, the invariant and Porod constant, as desciibed in subsection 2.10.2. The
scattering curves were analysed using Porod’s Law (2.6.2.1) to determine the surface area of
the scattering objects (refer to subscction 2.10.2). I'wo-dimensional maps of the invariant
i.c. the data, extrapolated in the Guinier and Porod regions, were produced using in-house
software. These maps provide an indicator of the amount of scattering interfaces within the
scatlering volume as they take into account the Porod tail, and therefore provide details about
the nanoporosity within the sample. In this study, the size parameters of the smallest

dimension of the scattering objects throughout the eggshell thickness were determined using
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the method given by Fratel e/ «f. (1996). These values were used to generate two-
dimensiona) maps that show nanostructural changes over a section of the eggshell at each
point where a scattering patiern was collected. These maps were also characterised by a

varying grey scale, where the larger the size value the darker the shade on the map.

3.3 Results

3.3.1 IDI18F — Normal Eggshells

An X-ray transmission image of a normal cggshell using the defocused beam is shown in
Figure 3.4A. The X-ray transmission image highlighis the granular texture of the eggshell
shown by the dark/light regions. This is most noticeable at the inner face of the eggshell, i.e.
the mammillary layer rcgion. In comparison, the palisade layer shows a more homogeneous
texture, although siructural variations seem to occur with a greater frequency at the outer
palisade layer and towards the cuticle; these features hence forth referred to as microvoids
cannot be detected or analysed by pSAXS because they are too large. In addition to
microvoids, the scattering data presented in composite image Figure 3 4B suggests that there
is also a population of nanovoids throughout the eggshell thickness; this is particularly

obvious in the scattering patterns corresponding to the mammillary layer.
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Figure 3.4 Two-dimensional maps composed from the data collected at ID18F from a
normal eggshell. (A) X-ray transmission image. The box depicts the scanned region. (B)
Composite of the uSAXS images obtained from the scanned section of eggshell. The top
and bottom of the composite image corresponds to the embedding resin and therefore
should be discounted. (C) Total scattering intensity map from each point on the two-
dimensional scan, where the greater the intensity the darker the tone. (D) Invariant map
from each point on the two-dimensional scan, where the greater the invariant the darker
the tone. (E) Size dimension map showing size variation through the different layers of
the eggshell, the darker shades correspond to a larger size value (scale bar is given).
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The total scattering intensity map of each nSAXS pattern mapped over the scction scanned is
shown in Figurc 3.4C. According to this figure, there are darker bands of tone within
specific regions ol the eggshell indicating that there are differing amounts of scatter
depending on the nanoscepic fealures being sampled within the eggshell. For example, there
is a gradual reduction in tone with the intensity becoming lower as the scan proceeds to the

outer of the eggshell.

The invariaat is the total integral (described in subsection 2.10.2) and was calculated for the
individual scattering patterns and used to produce the two-dimensional map shown in Figure
3.4D. This type of map provides greater detail about the nanoporosity within the sample. In
Figure 3.4D banding occurs throughout the different layvers of the eggshell. Specifically,
there is a dark band apparent in the mammillary layer and at the outer palisade region. These
two regions therefore exhibit a higher nanoporosity than some of the other regions of the
eggshell. The invariant together with the information presented in Figure 3.5 were required
to calculate the smallest dimension of the scattering object within the eggshell sample as

displayed in Figure 3 4E.

Tao produce Figure 3.4F | typical lincar traces of the X-ray scatlering intensity profiles from
selected points within a vertical scan were plotted on a double logarithmic graph, different
markers are used in Figure 3.5 to distinguish between the positions of the scans. Curves
corresponding to scatter from the resin lie beneath the others and show clear differences in
scattering compared ta those from within the eggshell. A similar feature can aiso be seen
with the scattering curve obtained from the membrane. The decaying intensity of the
scattering curve at larger values is 1nversely proportional (o the fourth power of q, an

indication that the use of Porod’s Law (see subsection 2.6.2.1) in the analysis 1s appropriate,



The ‘knee’ region of the curve gives an indicative lower limit size measurement of the
scattering object when extrapolated to the g-axis and converted into real space: this was

found to be 2.17 nm for the normal eggshell samples.
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Figure 3.5 Double logarithmic graph of the one dimensional linear traces produced
from the integrated intensity data. Linear traces from specific representative points on
one of the vertical linear scans are indicated. The straight line depicts the Porod
region. The knee region on the scattering curve gives an indicative size measurement
of the scattering object. The embedding resin and membrane scattering curves are
beneath the scattering from those within the calcified part of the shell. A constant

background was subtracted from the scattering data.
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In the context of this investigation, each individual scattering pattern allowed a
corresponding size parameter at that point in the scan to be determined. 'These were
subsequently used to produce lwo dimensional composite maps of size with varying grey
scale (Figure 3.4E). The resulting composite maps show thal there arc changes in the
scattering disteibution within the different layers of the eggshell. The distinct darker bands
towards the mammillary layer and nearer the outer region are indicative of changes in the
scattering intensities. The size values within the mammillary layer wete estimated to be
approximately 3.9 nm. Within the palisade layer the size values decreased to approximately
3.6 — 3.8 nm, and then to approximately 3.0 - 3.5 nm at the most outer layer. It is possible
that these changes in size values could be due to localised variations in the protein

component of the organic matrix.

Visual assessment of the two-dimensional map with its varying grey-scale (Figure 3.4E)
confirms that local nanostructural variations occur throughout the layers of the eggshell. The
size values obtained at representaiive positions through three separate vertical scans from the
inner to the outer surface of a normal eggshell are shown in Figure 3.6. The data presented
in this figure suggests that there is only a small variation in size valuc between the different
regions of the eggshell. The values obtained from the additional vertical scans confirm this

resull.
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cuticle, Embedding resin measurements are also included at the beginning and at the

end of the scans.
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The change in the invariant (total integral) of the scattering profiles from one of the vertical

scans within the mesh is shown in Figure 3.7, indicating that the strength of scattering

increases from the inner to outer region of the palisade layer. The largest value at point 8

corresponds to the central core of the mammillary layer.
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Figure 3.7 The invariant of the scattering intensity at each of the points on the vertical

scan for a normal eggshell sample. The sample length was 500 pm for

scan.
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3.3.2 IDI8F — Abnormal Eggshell

The X-ray transmission Image from an abnormal eggshell is shown in Figure 3.8A, 'This
image reveals that structural variations appear to exist throughout the shell thickness, and
also gives the umpression that the membrane has not been laid down correctiy over the cgg
white {(Figure 3.1B). This is consistent with the Hierature which states that wrinkled eggs
arise from a dysfunclion of the isthmus region of the oviduct, which is responsible for the
formation of the shell membranes (Solomon, 1991). The palisade layer shows a
homogeneous texture as seen with the normal eggshell. Microvoids can also be observed at
the mammillary layer, the outer palisade and towards the exterior of the eggshell. Again
these rtesulls coincide with a greater scattering signal seen within these regions in the

composite scattering patterns shown in Figure 3.8B.
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Figure 3.8 Two-dimensional maps produced from the data collected at ID18F from an
abnormal eggshell. (A) X-ray transmission image. (B) Composite of the SAXS
patterns from the section scanned. (C) Total scattering intensity map from each point
on the two-dimensional scan, where the greater the intensity the darker the tone. (D)
Invariant map, where the greater the value the darker the tone. (E) Size dimension
map showing size variation through the different layers. The darker shades
correspond to a larger size value. Note that in C and D there is an increase in the
intensity, approximately three quarters into the scan; this is an artefact, due to the
beam refill at the synchrotron. However, this is not apparent and does not alter the
size dimension map (E).




Figure 3 .8C shows areas where the total scattering intensity is greater (darker tones) than in
others (lighter tones). However, unlike the normal eggshell, there is no obvious banding
pattern within the different layers apparent in this figure. This indicates a lack of order of the
structure in this sample. The two-dimensional invariant map (Tigure 3.8D) also shows
regions where the values for the invariant are larger and so are producing darker regions on
the map. This is most apparent in the mammillary layer and outer palisade layer. However,
similar to the previous map the darker regions are separated with lighter regions, and there is
no obvious banding of tone observed, which differs from the maps of the normal eggshell
scan (Figure 3.4C, D). Analysis of the size dimension map (Figure 3.8E) reveals random
size dimension changes within the layers of this type of cggshell, for instance within the
mammillary layer, there is no distinct banding. This suggests that there is a lack of structural
order in the initially deposited layers. The size values from three different vertical scans
have been plotted and shown on a linear graph n Figure 3.9. All three repeat scan

measurements show similar trends in size dimension within the diffcrent regions,
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Figure 3.2 Measurements of the smallest dimension of the seattering objects from
three scans at different areas from within an abnormal eggshell section. The scans
start at the inner membrane and finish at the outer surface cuticle. Resin

measurements are also included at the beginning and at the end of the scans.

According to this figure, most of the size values in abnormal eggs are between 3.7 - 4.3 nm,

which is marginally larger than those obtained for the normal eggshell.

The invariant of the scattering intensity at each scan point was also determined for the
abnormal eggs and the valucs obtained from one of the vertical scans are shown in Figure
3.10. According to this figure, there is a large increase in the ntensity at point 6 on the scan
corresponding to the centre of the mammillary layer. There is then a decreasc from point 6
to 8 and then a steady increase again to the exterior of the eggshell. 'Lhere is a slight
difference in the scale between the two invariant graphs from the normal and abnormal

eggshells that are displayed in Figures 3.7 and 3.10 respectively; this was due to the different
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exposure limes for each sample. The change in exposure time was required in order fo
complete the scan since beamtime was limited. However, even though the scale is different

on each figure this can be discounted as the overall trend is similar.
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Figure 3.10 The invariant of the scattering intensity for an abnormal eggshell at each

of the points on the vertical scan. The sample length was 500 um for each vertical scan.
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3.3.3 IDI13- 110 1 Section of Novial Eggshell

A light microscope image of the mammiliary layer taken from onc of the additional samples
of the normal eggshells is shown in Figure 3.11A. The section that was scanned using a }
pm beam is depicted by the red box, and the composite of the corresponding scattering
patterns taken over this section are shown in Figure 3.11B. The composite shows regions

within the mammillary layer that have a greater scattering signal compared to other regions.
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Figure 3.11 Two-dimensional data collected at ID13 of a 110 pum thick normal
eggshell. (A) Light microscope image, where the area highlighted in red is the
mammillary region of the eggshell that was scanned. (B) Composite of the scattering
patterns from the section of the mammillary scanned. The area scanned was 130 um
vertically at 2 um intervals and 100 pm horizontally at S pm intervals. (C) Total

scattering intensity map relating to the mammillary layer.

Iﬁﬂ



The total intensity of each scattering pattern was measured and the values were used to
produce a iwo-dimensional map of the total scattering intensity (Figure 3.11C). The regions
of greater scattering signal seen in the composite image correspond to the darker tones at
specific regions on the total scattering intensity map, and are likely to correspond to the
mammillary core. This is in agreement with the observations obtained at beamline ID18F.
Figures 3.7 and 3.10. This effect is most likely the result of specific nanofeatures within this
region, arising firom the high concentration of proteins associated with the mammillary cores
{Fraser et al., 1998). This would cause electron density contrast with the inorganic partion,

and thus an increase in the scattered X-rays.

3.3.4 IDI13 — 50 gun Section of Normal Eggshell

Figure 3.12A shows two mammillary knobs attached to the membranes. This area was
scanned using microfocus SAXS and the composite of the SAXS patterns are shown in
Figure 3.12B. Areas of greater scattering intensity can be observed in the central region of
the mammillary knobs in this figure. X-ray transmission measurements were used to
produce the two-dimensional map shown in Figure 3.12C. The mammiliary knobs are
lighter especially the central pait compared to the membranes, indicating that X-ray
transraission through this region of the mammillary layer is lower. The corresponding tatal
scattering intensity map, shown in Figure 3.12D, confirms that the greatest intensity is seen

in the centre of the mammiltary knobs.
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Figure 3.12 Two-dimensional data collected at ID13 of a 50 um thick normal eggshell.
(A) Light microscopy image of the region scanned on the mammillary layer. (B)
Composite of the SAXS images obtained over the scanned region. The region scanned
was 60 um vertically at 2 pm intervals and 115 pm horizontally at 4 um intervals. (C)
Transmission image composed of measurements taken at corresponding points where
the scattering patterns were taken. (D) Total scattering intensity map from the region
scanned.
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3.4 Discussion

The stractural characteristics of a biomaterial at each length scale are orgamised in order to
optimise the overall functional propesties of the material. The eggshell is composed of
distinct layers each of which has a series of proteins distributed within, which are thought o
influence the growth and formation of the calcium carbonate crystals investigated through /n
vitro studics (Gautron et af., 1996; 1997, Dominguez-Vera ef al., 2000; Hincke ef al., 2000;
Fernandez et af., 2004). The relationship between the proteins and the inorganic portion is
an important aspect to understanding the mineralisation process, since the proteins are
thought to play a significant role on nucleation, crystal growth and morphology and so
influence the resulting composite.  The principles of the mineralisation process may be
applied to novel systems through biomimetic processes, which has been discussed previously
(Fleuer ef al, 1992; Arias and Fernandez, 2003) and through studying the formation of
mineralised shells (Arias and Fernandez, 2003). Therefore, information regarding the
structure at different length scales and protein interactions is required in order to understand
biomineralisation events. X-ray diffraction studies of intact eggshell structure have focused
on examining the microstructure of eggs in terms of the preferred orientation of the crystals
(Cain and Heyn, 1964; Sharp and Silyn-Roberts, 1984; Rodriguez-Navarro ef af., 2002). In
this chapter, microtocus SAXS techniques at beambines ID18F and ID13 at the ESRY were
used to provide detailed novel information rclating to the nanostructural organisation of the

eggshell.

The transmission images obtamed at IDISF from normal eggshells in the current work
served to highlight microscopic features of the eggshell, and drew particular attention to the
mammillary layer (Figure 3.4A). Within the main bulk of the caicilied layer microscopic

features were less apparent. A similar resull was seen with the transmission images obtained
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from the abnormal eggshells, where microscopic features were again most apparent at the

level of the mammiliary layer (Figure 3.8A).

The scattering composite images and total scattering intensity maps obtained using WSAXS
indicated that there is a greater degree in variations of scatter at specific layers within the
cggshell, which represent differences in the nanostructural organisation (Figure 3.4B, C and
3.88, C). This important observation could relate to the reported variation in chemical
composition of the eggshell matrix, as previously highlighted in section 1.5.4 and Vigure

1.12,

Gautron ef al. (1997) examined the uterine fluid collected at the initial phase (6-9 hours after
ovulation), rapid phase (14-18 hours after ovulation) and terminal phase (22-23 hours afler
ovufation), and found that the protein profiles changed considerably [rom one phase of shell
formation to the next. The uterine fluid contains the precursors of the eggshell matrix
proteins and in terms of function it has been suggested that several of these proteins have a
direct role to play in directing crystal growth mechanisms (Nys ¢ al, 2004). It is therefore
hypothesised that nanovoids or nanopores (absence of inorganic material) are formed in the
eggshell as a result of these matrix proteins becoming embedded within the mineral phase
during the shell forming process, Moreover, since the clectron density contrasts between the
inorganic and organic components are detectable using pnSAXS, it is further proposed that
the nanostructural changes observed throughout the shell thickness in the current work arise
from the temporal and spatial changes in the compaosition of the organic matrix during sheil

deposition,
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Based on this argument, the darker bands observed in the composile and total scattcring
maps of the normal eggshell presented in Figures 3 4B and C respectively, can be interpreted
as the localisation of individual matrix proteins causing electron density interfaces for SAXS
contrast, which in turn produces a stronger scattering signal. In support of this, it is
interesting o note that the matrix proteins ovalbumin, lysozyme and ovotransferrin are most
highly concentrated in the mammillary layer of the eggshell (Panheleux ef al., 1999). The
specitic localisation of these proteins could therefore be responsible for the darker banding
observed in the maps associated with this specitic region of the eggshell. The concentration
of ovocalyxin-32, in contrast, is known 1o increase at the terminal phase of formation
(Gautron ef af., 2001b) and so the unigue distribution of this protein could contribute to the

darker banding in the maps associated with the outer palisade region.

The composite image [rom the abnormal cggshell (Figure 3.8B) shows regions within the
mammillary layer that have a greater scattering signal, although the banding effect seen with
the normal eggshell is absent. There are also regions of darker tone within the mammillary
layer seen on the total intensity map, implying that the mammiliary layer within the
abnormal eggshell is structurally disordered at the microscopic level. Whilst this was not
coafirmed in the current study, a disruption ol the ultrastructural organisation of the
mammillary layer has previously been reported for this type of abnormality by Solomon

(1991).

The absence of banding in the different layers of the abnormal eggshell suggests a lack of
cohesion throughout the thickness within this tvpe of eggshell; this is particularly obvious in
the two-dimensional maps shown in Figure 3.8. Therefore, it 18 reasonable to suggest that

the structural organisation of abnormal wrinkled eggs has been scvercly disrupted at ail




length scales due to a change in the normal expression and distribution of matrix proteins

whilst this eggshell was being formed in the shell gland.

Exlracting information relating o the size of the scattering object is essential in order to
provide details about the nanostructure of the material being examined (Fratz] ef af., 1991;
Glatter, 1991, Fratzl e al., 1996a; Gupla ef al., 2003, Hiller and Wess, 2006). Analysis of
the size dimensions map associated with the normal eggshell (Figure 3.4E)} indicates that
within specific regions of the eggshell, there is distinct variation in the size of the scattering
objects. Specifically, there is a darker band at the beginning of the mammiliary layer and
towards the outer surface of the eggshell. The size values obtained for normal eggshells in
this study ranged between 3.5 - 4 nm, with the biggest difference in the size values occurring
at the mammillary/palisade layer interface. This region also produced the strongest SAXS
signal indicating that proteins in this location may act as X-ray lucent voids. The change in
pore size observed at this locaiion may therelore correspond to an abrupt alteration in the
complement of proteins being expressed as the slow phase is superseded by the more rapid

phase of calcification.

Transmission electron microscopy has previously been used to illustrate that the organic
matrix is most highly concentrated in the mammillary cores (Fraser ef af., 1998). These
authors also found that the morphological appearance of orgamic matrix changed throughout
the palisade layer depending on the age of the bird laying the egg and that this in turn
affected the quality of shell produced. At the beginning of lay (24 weeks of age), Fraser ef
af. (1998) found that the inner palisade was found to have fewer vesicles and was more
fibrous compared to the outer palisade, which was mainly vesicular in nature. At the end of

lay {72 weeks of age), all three palisade regions examined revealed an increase in the number




of matrix vesicles/10 cm?® compared to both the beginning and middle (46 weeks) of lay, and
shelt quality was notably poorer. Whilst it is not immediately obvious how to relate changes
in morphology to the nanostructyral variations presented in the current study, both types of
observations do add support to the premisc that the organic matrix component of the cggshel)

has a direct eflect on the quality of the egg produccd.

Panheleux et al. (2000) reported that the total protein content in eggshells was not affected
by the age of the hen laying the egg. However, these authors found that the expression of
individual proteins does vary in eggs from aged hens which characteristically produce poorer
quality shells. Unfortunately, tSAXS analysis cannot distinguish between the voids formed
from individual matrix proteins. The size dimensions presented in Figures 3.6 and 3.9 for
the normal and abnormal eggshells respectively, relate to the overall protein voids within the
eggshell sample at each specific location. Thus, if the overall protein content of the eggshell
matyix remains the same in eggs of differing quality then it is perhaps not surprising that the
overall size dimension data generated trom the normal and abnormal eggshells were
comparable. Whilst the overall deposition of protein within the different layers of the
egeshell may not be altered within the abnormal eggshell, the protein voids in each layer
could become misaligned duc to the underlying membranes being malformed and wrinkled.
This cffect could offer some explanation as to why there was a lack of distinct banding of
tone in the two-dimensional maps for the abnommal eggshells {Figures 3.8 C, I and E)

compared to the normal eggshell samples (Figures 3.4 C, D and E).
A mare detailed microfocus X-ray scattering analysis of the membranes and mammillary

layer of the normal eggshell was undertaken at beamline ID13. Examination of all the two-

dimensional maps produced from the data collected at beamline (D13 confirms that there are
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variations in scatier seen within regions of the mammillary layer, spectfically in the centre of
the mammillary knobs. Subsequent analysis of these results again confirmed that the
scattering signal is likcly to be associated with changes in the nanoporosity atising from the
embedded proteins within the calcified matrix, with size dimensions in the range of 3 — S nm.
The scattering variations observed within the mammillary layer as depicted in Figures 3,118
and 3.12B could be a result of localised alterations in protein deposition or type of protein
within the mammillary cores. This suggestion s consistent with the current literature, which
slates (hal several matrix proteins have a dircct role in initiating and directing, crystal growth
during the initial stages of shell formation (Panheleux er «f., 1999, Hincke ef al., 2000,

Gautron et al., 2001 a}.

The ability to illustrate that there is a variation in the nanostractural organisation of the
cggshell is an important addition to our knowledge of the eggshell structure. In an analysis
of texture by Perrott ef af. (1981), it was found using TEM and electron diffraction that the
calcite columns within the palisade layer consisted of crystallites of diameter 20 — 30 jum.
Moreover, Cain and Heyn (1964) found the mineral particle sizes (crystal sizes) to be 200
um by using the number of diffraction spots in the rings to determine the sizes. The overall
sizes of the calcite crystals are therefore known 1o be too large for accurate detection using
HSAXS, because the size of the beam is smaller than the size of the crystal, and the objects
are beyond the size range detectable using SAXS. The measurements that are presented here
therefore constitute detail on the nanoscale and represent a unique insight into the
relationship between inter and intracrystalline proteins found in many types of biominerals.
The size of the objects identificd tn this work is commensurate with the size of many
globular proteins, and therefore it is possible that the embedded proteins provide the

scattering interfaces while the lower contrast proteins appear as a void in the high density
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calcite. Tt cannot be unequivocally confirmed from SAXS resuits alone that these voids
account for the scattering signal, the presence of nanocrystallites of calcite by the inversion
principle could also produce a similar effect. But at the time of writing there is no literalure

and evidence to show this.

In conclusion, microfocus SAXS can be used to provide novel information about the
nanostructural properties of the eggshell, which can in turn be related to existing knowledge
at other length scales and (o existing information relating the chemical composition and
organisation of the organic matrix component of the eggshell. The two-dimensional maps
produced in this study have confirmed that nanostructural changes exist throughouti the
egashel] thickness and that in abnormal eggshells this nanostructural organisation becomes

severely disrupted.

The next chapter of this thesis concentrates on bulk SAXS analysis specifically designed to
investigate the nanosiructure of eggshells expelled at different stages of gestation to
determine if it is passible to detect changes in the nanostructural organisation of the forming

epgshells, which correspond to specific events in the shell forming process.
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Chapter 4

Nanostructural Examination of Powdered Egeshells at Different
Stages of Gestation using X-ray Diffraction and Small Angle X-ray
Scattering

4.1 Introduoction

The mechanical properties of biomaterials resulls from the hierarchical organisation at each
length scale (Aizenberg er @/, 2005). The fully developed eggshell is a highly ordered
structure (Parsons, 1982; Solomon, 1991) and is composed of five different layers. Using a
combination of techniques, such as scanning electron microscopy (SEM), X~ray diffraction
and small angle X-ray scattering, information from micron through to nanomeier level of
detail can be obtained about the eggshell The ultra- and microstructure of eggshells have
been studied extensively and in the previous chapler, microfocus SAXS was used for the first
time to provide information at the nanometer length scale. Specifically, the size and
arrangement of nanovoids were found to vary throngh the eggshell thickness and in visually
poor quality cggshells the nanostructure was clearly distupted. The preparation time and
availability of beamtime at the ESRY limited the number of samples that could be analysed

in detail using high resolufion microfocus SAXS instrumentation.

The NanoSTAR is an in-house X-ray system; therefore, 1s much more readily available and
has proved particularly useful in providing information about the nanostructure of other
types of biominerals such as bone (Hiller ez e/, 2003). The NanoSTAR instrumentation can
be used for both X-ray diffraction and SAXS data collection depending on the sample to
detector distance. In order for average measurements such as size and shape of the structural
features within bulk samples to be obtained, this instrumentation simply requires the samples

to be powdered. This has certain benefits, particularly when larger numbers of specimens




are being compared. The main aim of this chapter was to establish what information this

instrumentation can provide about the nanostructural organisation of the eggshells.

Solomon (1991) used scanning clectron microscopy to describe the temporal and spatial
changes in the ultrastructural organisation of eggs that were prematurely expelled from the
oviduci at different stages of gestation. Gautron ef @/, (1997) was able to expel eggs more
precisely at 8, 10, 12, 14, 16, 18, 20 and 22 hours by timing the preceding oviposition then
administering intravenously a prostaglandin injection to the hen after that number of hours
had elapsed. Eggs which have been prematurely expelled from the oviduct in this way could
provide a useful experimental model in which to¢ compare the nanosituctural changes at
different locations in the eggshell thickness where bulk measurements are employed, since
the average measurcments would be expected to vary in relation to how much of the final

structure is present.

In this chapter, variations in the nanostructure of the eggshell at different stages of gestation
were therefore compared using the NanoSTAR facilily described in section 2.9.1. Both X-
ray diffraction and SAXS capabilities of this instrumcntation were used to analyse the
powdered samples of eggshell material. ‘I'he opportunity to repeat the X-ray diffraction
analysis at station 14.1 at the SRS Daresbury Laboratory subsequently became available,
which enabled shorter exposure times for data collection and diffraction patterns of greater
intensities to be obtained. The information obtained from each type of scattering is
discussed in relation to the inler-relationships between the organic and inorganic components
of the eggshelfl and the variation in nanostructural organisation previously described in

Chapter 3.




4.2 Materials and Methads

4.2.1 Egg Source

Lggs [rom [SA (Institut de Sélection Animale) brown hens werc prematurely expelled at
different points of gestation by administration of & 100 pg prostaglandin injection (Gautron
ef al., 1996, 1997) at 8, 10, 12, 14, 16, 18, 20 and 22 hours after the preceding oviposition.
These procedures were carried out at INRA, Tours, France. Duplicate eggs from each point
of gestation were then sent o the UK for ultrastructural asscssment to confirm the slage of

shell formation.

4.2.2 iltrastructural Assessment using SEM

lem?® sections from each expelicd cgg were removed from the equator using a diamond
tipped circular saw and mounted onte aluminium stubs using conductive sitver paint in such
a way that the forming surface faced uppermost. Each specimen was then coated with gold
palladium for 4 minutes using an Emscope sputter coater SC500 (Ashford, Kent, England).
The specimens were subsequently observed using an Hitachi S570 scanning electron

microscope at 15 keV.

4.2.3 X-ray Diffraction and SAXS Data Collection

Initial X-ray diffraction and SAXS analyses of the samples were carried out on the
NanoSTAR (sce subscciion 2.9.1). Samples were powdered using a pestie and mortar and
mounted between two sheets of ultralene within a sample holder. The egushell data was
corrected for the small scatiering contribution from the ultralene by measuring the ultralene
with no sample present and subtracling it from the data after corrected for transmission. The

sample Lo detector distance was 0.22 m for X-ray diffraction studics and 1.07 m for SAXS:
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the wavelength of the incident radiation was 1.54 A. The samples were exposed for 2 hours
at the X-ray dilTraction configuration and 3 hours at the SAXS configuration, each
measurement was repeated three times. Additional sections of approximately lem® were
powdered, then mounted between two sheets of mica on a slide and examined by X-ray
diffraction at station 14.1, SRS Daresbury Laboratory (described in subsection 2.9.2). At
station 4.}, Xeray diffraction data was collected using an ADSC Quantum 4R CCD detector
with a sample to detector distance of 60 mm and the wavelength of the incident radiation was
1.488 A, The samples were exposed for 1 s, and each measurement was repeated three
times. The two-dimensional data were radially integrated through 360° to produce one
dimensional lincar profiles using in-house software. The 26 range was 3.8 — 63.6° with a
step size of 0.064°. The procedure for the analysis of the X-ray diffraction dala and SAXS

data is given in subsections 2.10.1 and 2.10.2 respectively.

Further samples of powdered eggshell material at 8, 14, 16 and 22 hours were analysed at the
Technical Untversity of Denmark. X-ray powder diffraction measurements were performed
in Bragg-Brentano geometry (reflection mode) with a Philips PW1820/3711 diffractoseter,
equipped with a primary autodivergence slit and a secondary graphite monochromator,
employing CuKe radiation (A = 1.5418 A). Data were collected in the 20 range of 10 - 110°

with a step size of 0.02° and a counting time of 5 seconds per step.

Rietveld refinements (Rietveld, 1967; 1969) were performed with WINPOW, a locally
modified Windows version of the LHMP program (Howard and Hill, 1986). The program
performs a full pattern fitting, where parameters for reflection profiles, unit cell, background,
overall scale factor, 28 zero-point and atomic coordinates, thermal movements aud

occupancics are fitted in a least-squares procedure. Profiles were fitted with a Voigt




function, which allowed for an estimation of the average crystallite size. This study was
carried out in order 10 compare the results from the Rietveld method with the X-ray line

broadening analysis.

4.3 Resulis

4.3.1 SEM Data

The SEM images shown in Figure 4.1 show the extent of shell formation at 8, 10, 12, 14, 16,
18, 20 and 22 hours of gestation. With the exception of Figure 4.1G these figures are all
representative of the outermost surface of the forming eggshell. A number of individual
mammillae can be observed in the cggshell obtained at 8 hours gestation (Figure 4 1A).
Spherulitic erystal growth continues radially and vpwards but is inhibited downwards
because of the shell membranes, so that by 10 hours the individual mammillac almost
completely obscure the underlying membranes (Figure 4.1B). In Figure 4.1C, the
mammillary layer is almost complete, and in Figure 4.1D the palisadc layer has began to
form (14 hours). Figures 4.1E and 4.1F show the palisade layer at different stages of
completion, this layer makes up the bulk of the eggshell. The transverse section of a
complete eggshell is given in Figure 4.1G along with the approximate levels at which the

other images were taken.

136



Figure 4.1 SEM surface images of prematurely expelled eggs. A = 8 hour, B = 10
hour, C = 12 hour, D = 14 hour, E = 16 hour and F = 22 hour sample. G is an SEM
image of a transverse section of a complete eggshell, the arrows indicate at which point
in the growth process would correspond to the surface images labelled above. Images

courtesy of Poultry Research Group, University of Glasgow.




4.3.2 X-ray Diffraction Data from the Powdered Eggshell Sumples

An example of the X-ray diffraction data obtained from statton 14.1 at the SRS Daresbury
Laboratory is shown in Figure 1.2, Further analysis was only carried out on this data set,
since the diffraction patterns were of greater intensity than those obtained on the NanoS1TAR.
Within the diffraction rings, diffraction spots can be seen; one is highlighted in Figure 4.2 by
the red arrow. This 13 an indication that these reflections are from large intact crystais. The
breadth of the diffraction lines can be measured to obtain an estimation of the average
crystallite size when they are less than ~100 nm in size (Lipson and Steeple, 1970). The
diffraction rings correspond to the different reflections of the lattice planes in calcite. These
planes can be identified based on their orientation in the unit cell using Miller indices (h%])

and are the reciprocals of intersection distances of the lattice planes (see subsection 2.3).
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(104)

Figure 4.2 An X-ray diffraction pattern from a 22 hour powdered eggshell sample
obtained on station 14.1, SRS Daresbury Laboratory. R is the scattering vector length
and y is the azimuthal angle to an arbitrary reference point. The d-spacing per pixel =

7.466 x 10> nm.
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The white arrows on the X-ray pattern in Figure 4.2 highlight the area which was
subsequently integrated and converted to polar coordinates (R,y) as shown in Figure 4.3,
where R is the distance from the centre of the beam and % is the azimuthal angle, (the angular

position). This plot was then used to produce the linear trace required to measure the

FWHM (described in subsection 2.10.1).
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Figure 4.3 A polar plot showing the angular integration of the X-ray diffraction
pattern. The reflection indexes for each corresponding lattice plane of calcite are
shown on the left. The faint white lines are from the sectioned detector and should be

discounted as it does not contribute to the data.
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The intensity of the X-ray diffraction pattern was plotted as a linear profile in Figure 4.4,
which shows the prominent (104) peak of calcite. This peak profile was used to calculate the
FWHM mecasurcments for each eggshell sample, which i turn was used to calculate

crystallite size by entering the value into the Debye-~Scherrer equation (Equation 2.5).
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Figure 4.4 A linear intensity profile obtained from integrating the two-dimensional X-
ray diffraction data. The prominent peak reflections are shown in the linear profile,

and each peak is labelled with its respective (hkl) index for calcite.

The average crystallite sizes were deduced from analysis of the X-ray diffraction data using
the FWHM from the (104) orientation peak seen on the linear intensity profile shown in

Figure 4.4, where the greater the width of the peak the smaller the crystallite. The average
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crystallite sizes that were obtained using the X-ray line broadening from each of the

powdered eggshell samples examined in the group are represented n Figure 4.5,
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Figure 4.5 Graph of crystallite size obtained from measuring the X-ray line

broadening at different accumulative stages of shell formation.

The size values obtained by measuring the broadening of the X-ray diflraction lines ranged
from 54 — 232 nm. According to Figure 4.5, between 8 and 14 hours of gestation there is a
gradual increase in the average crystallite size. This effect could result from there being an
increase in the muinber of larger crystallite sizes as more of the mammillary layer and eatly
stages of the palisade layer are being formed. After 14 hours of gestation however the

average crystallite sizc scems to vary.
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The obscrved pattern, the difference pattern, the refined background (red), and the positions
of the Bragg peaks (biue) of the CuKw, positions produced from the Rietveld refinement

with the diffraction data for the four eggshell samples are shown in Figure 4.6, 4.7, 4.8 and

4.9
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Figure 4.6 Rietveld profile fit to the diffraction data from the 8 hour eggshell sample.
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Figure 4.7 Rietveld profile fit to the diffraction data from the 14 hour eggshell sample.
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Figure 4.9 Rietveld profile fit to the diffraction data from the 22 hour eggsheli sample.
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The average crystallite size calculated using the Rietveld method was 90 i, but varied from
75 nm at § hours, to 106 nin at 14 - 16 hours, and 75 nm at 22 hours, as shown in Figure
4.10. These results suggest that the crystallite sizes are in fact larger than the upper size limit
for XRD analysis to be accurately detected, and also supports the hypothesis that the SAXS
measurements presented in Chapter 3 represent nanostiuctural features within the calcium
carbonate crystallites possibly arising from the interactions between the inorganic and

organic components of the eggshell,
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Figure 4.10 Crystallite size measurements frem a subsection of the eggshell samples

obtained using the Rietveld method.
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4.3.3 Small Angle X-ray Scattering Data from the Powdered Eggshell Samples

A typical SAXS pattern obtained using the NanoSTAR from an eggshell expelled at 8 hours

of gestation is shown in Figure 4.11

q (nm") 0

2 = 0 > 2

-1
q(nm’)

Figure 4.11 SAXS pattern from an eggshell expelled at 8 hours of gestation obtained
using the NanoSTAR. 1 pixel corresponds to 0.02 nm ' in q.

The two-dimensional data was integrated and plotted as Kratky plots (I(q)q” against q) as
shown in Figure 4.12, where the shape of the scattering curve provides information about the

shape of the scattering objects within the sample material
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Figure 4.12 A Kratky plot (I(q)q2 against q) from an 8 hour powdered egeshell

sample. The linear profile is an indication of polydispersity of shapes of the scattering

structures within the sample.

The linear profile of the scattering data shown on the Kratky plots corresponds to a
l.orentzian type profile (Fratzl et al, 1991, Wess ef al., 2000), which is considered to
indicate polydispersity, i.e. a combination of different shapes and sizes of the scattering
objects. The same result was found for all of the prematurely expelled powdered eggshell
samples. Thus, no clear conclusion can be made about the cxact shape of the scattering

objects in the powdered samples since there is likely to be a combination ol shapes that

compose the scattering profile.
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4.3.3.1 FEeature Size Derived from SAXS
The size values obtained from the amalysis of the data collected on the NanoSTAR are
displayed in Figure 4.13. The size values obtained using powdered samples of eggshell from

the different stages of gestation ranged between 5.7 — 7.2 nm with an average of 6.7+ 0.5
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Figure 413 Size values obtained from the analysis of the SAXS data collected on the

NanoSTAR, the samples were exposed for 3 hours.

These size values are an order of magnitude smaller than thosc determined using X-ray
diffraction and are consistent with the SAXS size vales reported in Chapter 3. The slight
variation in the average size values with the stage ol eggshell development shown in Figure
4.13 could cotrespond to the changes in nanostructure imposed by the expression of the

different protein components of the eggshell matrix.
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4.4 Discussion

A temporal and spatial variation in the inter-relationship between the inorganic and organic
fraction of the eggshell would reduce the measurements of the coherent regions within the
powdered material being examined using X-ray dillraction. From the broadening of X-ray
diffraction lincs, the size valucs obtained in this experiment ranged from 54 — 232 nm with a
steady increase oceurring until the 14th hour of shell formatton. The unpredictable change in
size value oblained thereafter could be explained by the knowledge that size, structural faults
and lattice distortion of crystallites all contribute to line broadening in X-ray diffraction
traces (L.ipson and Steeple, 1970), This cffcct may also be cumulative, where the growth
process of calcite in the eggshell could involve the formation of stmilar sized calcium
carbonate crystallites being deposited on top of each other instead of forming a continuous
caleite column, which cxtends through the entire thickness of the eggshell.  Another
possibility for the variations in size value obtained afier 14 hours could be due to “infilling’.
The assumption that once calcium carbonate crystallites are deposited they are not altered
could be incorrect; the surrounding bicarbonate and calciuim ions may in fact be modifying
the cxisting crystallites that have already been deposited, thus altering their size. Evidence
of this effect has previously been observed at the ultrastruciural level in the mammillary
layer, where extra deposits of calcium carbonate form in the inter-mammillary spaces and

give rise to the structural varniant referred to as “cuffing’ (Sclomon, 1991).

Comparable measurements were made on a subset of samples using the Rietveld method.
The size values obtained using this method showed less variation and were between 75 106
nn.  Full pattern fitting to the experimental diffractogram by means of Rietveld analysis
(Rietveld, 1967, 1969) allows all reflections to be included. However, there are stili some

uncertainties with this method, particularly with large crystallite sizes and defects within the
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sample will also add to the widths and complicate the intcrpretations similar to that of the X-
ray line broadening method. X-ray line broadening and Rietveld fitting to powdered
eggshell diffraction data are therefore much less suitable for use when a material consists of

large crystallites of calcium carbonate, and this secems to be the case with the eggshell.

The calcium carbonate crystal sizes within eggshell that were obtained in recent studies
(Rodriguez-Navarro e/ ai., 2002; Alwed et al., 2005} (see subsection 1.3 .4) indicate that the
size measurements determined in this chapter are from structural features that are at a smaller
length scale. The size values obtained from the SAXS analysis in this experiment were
between 5.7 - 7.2 nm, and are comparable to thosc presented in Chapter 3. One explanation
for the different values between the SAXS and X.ray diffraction results could relate to the
component of the structure that is being measured, for example crystailite sizes versus the
dimensions of pore/voids within the crystallites. The size measurements obtained from the
SAXS data are more likely to represent the pores/voids within the crystallites arising from
proteins embedded within the different inorganic layers. In comparison, the X-ray
diffraction measurements are likely to be from the coherent regions within the calcium
carbonate crystullites or from an accumulation of individual crystallites formed on top of one
another. In other words, the different size measurements obtained from these studies are
dependent on the stractural feature being examined. Thus, the likelihood that there are
pores/voids within the calcium carbonate crystallites is the most convincing explanation for

the size measurements that were prodiced from the analysis of the SAXS data.

The SAXS analysis showed that the average size of these nanovoids changed slightly in
relation to the stage of eggshell development; this effcct could be consistent with a variation

in the spatial localisation of individual organic matrix proteins throughout the eggshell



thickness as described in Chapter 1, section 1.54. In other words, these analyses have
indirectly provided further evidence that it is the embedded proteins causing nanovoids

throughout the eggshell thickness.

The linear proliles displayed as Kratky plots produced fiom the SAXS data collected from
the eggshell samples correspond to Lorentzian type curves, which give an indication of
polydispersity. This data analysis of the shape determination of the crystallites has been used
in bone studies (Fratzl et af, 1996a; Wess ef of., 2001b). T'hese results suggest that there is a
broad range of sizes and shapes of scattering objects within the eggshell at the nanostructural
length scale; therefore, no clear conclusion can be made about the exact shape of these
fealures. Tndeed, there may be no precise overall shape as it 1s the shape of the voids
themselves which arc being determined and these may be highly variable with no dominant

shape,

In conclusion, the results from the work presented in this chapter indicate that the crystallites
in eggshells are possibly too large to be examined using either X-ray diffraction line
broadening or the Rietveld method of analysing X-ray diffraction data obtained from
powdered specimens of eggshell. This confirmed that the most appropriate technique to
investigate the nanostructure of eggshells is SAXS. SAXS can be used to investigate
structural properties on a length scalc range of between about 10 A up to several thousand A,
{depending on the X-ray source and configuration). The size measurements obtained in this
chapter possibly correspond to nanopores/voids within the calcium carbonate crystalfites
arising from the presence of embedded proteins. The likelihood that the size measuremnenis
and the nanostructural changes within the eggshell are a resuli ol the nanoporosity due to the

embedded proteins is investigated further in Chapter 5. Here, the porosity of the eggshell at
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the nanometer length scale is examined again using SAXS and mercury intrusion

porosimetry on eggshells of different mechanical strengths.
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Chapter 5

An Examination of the Nanostructure of Eggshells Exhibiting
Different Mechanical Strengths

5.1 Introduction

A number of features are considered fo be synonymous with cggshell quality, including
eggshape, lexture, cleanliness and soundness. Eggshell quality however is usualty more
precisely defined using a variety of methods and laboratory techniques, which can be broadly
defined as being either traditional or novel (De Ketelaere ef a/., 2004). 'Iraditional methods
of assessing eggshell quality have been extensively reviewed by Voisey and Hunt (1974) and
Hamilien (1982), and include melhods which either divectly or indirectly assess the strength
of the eggshell. The direct measurements include the quasi-static compression test where Lhe
strength of the egg is measured in a materials testing machine by compressing it between two
flat steel plates at a constant speed until it breaks, Indirect measurements include measuring
a parameter related to eggshell strength such as eggshell thickness and the eggshells specific
gravity, which provides an estimation of the percentage of shell. Recently, Bain (2005)
reviewed the more novel methods of assessing eggshell quality, which include the dynamic
stiftness measurements (De Ketelaere ef @/, 2002), microstructural studies (Rodriguez-
Navarro e/ af., 2002) and studies associated with the organic matrix component of the
eggshell (Nys ez al, 2004). The dynamic stiiThess measurement according 1o Dunn ef al
{2005) and Bain ef af. {(2000) could be directly applied to improve eggshell quality in genetic
selection programs, whilst the micro-structural and organic matrix related studies have
significantly contributed to our understanding of" how the inorganic and organic components

of the shell interact and influence the mechanical propertics.
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There are a number of factors that are known to influence eggshell quality; these include
genelics, nutrition, disease, management (for example housing, feeding program,
temperature) and bird age. Eggshells of aged hens are known to decrease in strength
(Hamilton ¢z ol., 1979b; Potts and Washburn, 1983) but this is not simply assoctated with an
age related decline in the thickness of the shell. Panheleux ef af. (2000) for example,
compared the organic matrix of eggshells from young and aged hens and found that whilst
the total protein content of the eggshells did not change, the concentrations of specific
individual eggsheil matrix proteins (ovalbumin, ovotransferrin and ovocleidin-17) was
increased in the eggshells from aged hens. These results suggest that a change in the
composition of the organic matrix rather than the amount of matrix material present may
have been responsible for the measurable differences in eggshell strength of eggs laid by
young versus aged hens. An XRD study on Lhe same group of eggs by Rodriguez-Navairo ef
al., (2002) subsequently revealed that the eggshells laid by younger hens displayed only a
single preferred crystal orientation, and that this was correlated to an increase in eggshell
strength, The eggshells from the aged hens in comparison showed two preferred crystal
orientations. In addition, crystallographic texture (preferred orientation of the crystal grains),
thickness, and grain morphology was more variable in the cggs from the aged hens. It was
suggested that these microstructural changes were due to the variations in protein content

previously observed by Panheleux ez af. (2000).

The effect of an induced moult on eggshell strength, crystallographic texture and the organic
mairix were investipated by Ahmed ef af. (2605) using similar techniques. These authors
found that after moult, breaking strength increased, the average size of the calcite crystals
decreased, but crystal orientation remained the same. In addition, these authors rcported that

there was an increase in the total organic matrix protein concentration and a vatiation in the
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concenlraiions of individual proteins after the mouit: OC-116 and OC-17 were found to

increase, whilst ovotransferrin, ovalbumin and lysozyme decreased.

These two studies support the hypothesis that there 1s a direct relationship between the
mechanical properties or quality of the eggshell and its microstructural organisation, and that
the microstructure of the eggshell is in turn directly influcnced by the protein components of
the eggshell matrix. In Chapter 3, it was proposed that microfocus SAXS can be used (o
measure the nanoporosily arising from the presence and incorporation of organic material
within the inorganic portion of the hen’s eggsheil. The aim of the work presented in this
chapter was to examine if variations n nanostructure can be detected using SAXS in

eggshells exhibiting different quality characteristics.

Nielsen-Marsh and Hedges (1999) investigated boue diagenesis using mercury intrusion
porosimetry. Briefly, mercury intrusion porosimetry is a technique that uses non-wetting
mercury to gain information regarding the pores within a material. Due to the non-wetting
nature of mercury, high pressure is required in order to force the mercury into the smaliler
pores. The permeability and diffusivity properties of the material are related to the pore size,
shape, arrangement and connectivity of the pores in Lhe network, since the mercury intrudes
from the outsidc of the sample inwards. This technique has been used in material and soil
sciences to investigate porosity of the material; recent work includes studies of concrete
(Pradhan ef ol 2005), paper (Moura e/ al, 2005), pharmaccutical drugs (van Veen ef al,
2005) and soils (Gorres ef af., 2001; Pagliai e/ al., 2004). In the context of this chapter,
mercury intrusion porosimetry was used to test for differences in the pore size distribution in

eggshells, which exhibited measurable differences in quality characteristics. The resuits
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obtained by this method were then compared with the SAXS data to observe whether they

support or extend the size range obtained for eggshell as reported in Chapters 3 and 4.

5.2 Materials and Methods

5.2.1 Egg Source

Eggs from Young and Aged Hens

100 eggs were sourced from a commercial producer; halt’ were laid by hens at 35 weeks
(young) and half by hens at 72 weeks {(aged) of age. The eggs were checked {or the presence
of defects/cracks. Breaking strength measurements were only carried out on intact eggs.
Breaking strengih was measured by quast-siatic compression. In brief, each egg was placed
between large flat plates and compressed in an equatorial direction using a LRX matesials
testing machine (Lloyd Instruments, Fareham, Hampshire, UK) at a displacement rate of 5
mny/min,  During the test and up until fracture, both the force and resultant displacement
were monitored using a Nexygen MT Materials Test and Data Analysis Software (Iloyd
Insttuments, Fareham, Hampshire, UK). The maximum force (N) on the force displacement
curve was taken as a measurement of the breaking strength. Further details of the quasi-
static compression tests are given in Voiscy and IThunt (1974). After removal of the egg
contents, a ) em’® section of each eggshell was cut from the equator using a diamond tip
circular saw. 18 eggs from each age group were subsequently selected [or analysis of

nanoporosity using SAXS.
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5.2.2 Preparation of Samples for SAXS

The eggshell samples were powdered and SAXS measurements were made from buik
samples, in other words, an average size measurement of the scattering objects was
determined for each sample. The powdered samples were each mounted into a sampic
holder between two sheets of ultralene. The samples were then mounted into the sample
chamber on the NanoSTAR. and were exposed for 3 — 6 hours. In order to correct for the
background, a negligibly low scattering signal measured from the ultralenc windows alone
was taken and subtracted from the scattering signal obtained fram the samples. The samples
in each of the individual data sets were exposed for the same amount of time Lo ensurc that a
direct comparison could be made within the group and that the scattering intensity was
sufficient to provide a valid analysis. The wavelength was 1.54 A and the sample to detector
distance was 1.07 m. A detailed description of the NanoSTAR and its configuration is given

in subsection 2.9.1.

5.2.3 Preparation of Samples for Mercury Intrusion Porosimetry

Four eggshells exhibiting either low or high breaking strengths (2 in each calegory) were
selected for further analysis by mercury intrusion porosimetry. The method uvsed is outlined
in detail by Wielsen-Marsh and Hedges et al. (1999) and Hiller (2003). Briefly,
approximately |g was cut from each eggshell sample and freeze-dried; they were then placed
in a penetrometer apparatus and examined in a mercury intrusion porosimeter
(Micromeritics) at the University of Newcastle. This technique assumes that the sample
contains cylindrical pores and the mercury penetration into these pores is determined by the
capillary law shown in equation 5.1, where D is the pore diameter (nm), is the fluid surface
tension (m) m?), 8 is the contact angle between the solid and fluid, and p is the applied

pressure (pounds per squarc inch (psi)).
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_ 4ycosB (5.1)
p

D

With this technique the pressure is increased continuousty, and the mercury starts to {ill the
pores. As the pressure increases mercury can penetrate smaller pores. The intrusion volume
is monitored through changes in mercury level. The pressure is increascd in a specific series
and at each pressure point the cumulative volume of mercury is measured. The pressure
with which the mercury intrudes the sample provides the pore size, and the incremental
volume introduced determines the number of pores with a certain size (La Scala ef al., 2000).
Plotting the incremental intrusion volume against pore radius provides the relevant

information regarding pore size distribution within the sample.

3.2.4 SAXS Data Correction and Analysis

The eggshells examined using the SAXS configuration on the NanoSTAR were analysed to
abtain a size valuc of the smallest dimension of the scattering abject, which is likely to be an
indication of the pore/void size. The background was subtracted trom the SAXS data
collected from the eggshells laid by young and aged hens, and the scattering intensily of the
iwo-dimensional patterns was integrated and converled into one-dimensional linear traces of
1(q) against ¢. ‘I'he integration of the scattering intensity was similar to that used for the
Daresbury and ESRE data described in the previous results in Chapters 3 and 4. The size

values were calculated using the same equation as described in subsection 2.10.2.
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3.2.5 Stutistical Analysis

The breaking strength data for young and aged hen groups were compared using a one-way
analysis of variance (ANOVA). The relationship between brecaking strength and the
pore/void size values obtained by SAXS was investigated using simple linear regression

analysis. All statistical analyses were carried oul using Minilab release 12.1 {(© Minitab

Inc.1998).

5.3 Resulis

3.3.1 Compuarison of Eggshell Breaking Strength Measurements carried out on the Eggs

from Young and Aged Hens

The mean breaking strength from each group of eggshells (n — 50) and the standard devtation
values are shown in Table 5.1. The breaking strengths between the two groups were found

to be significantly different {p = 0.008, statistically significant if p < 0.05).

Breaking
Age n Strength (N) [S)i?:t?:i - p-value
) ean :
35 week old 50 28.5 11.0 i
hiens [ 0.008
72 week old 50 236 6.4 |
hens |

Table 5.1  The breaking strength data from the eggshells laid by hens at 35 and 72
weeks of age. There was a significant difference in breaking strength between the two

groups (p = 0.008).
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5.3.2 Comparison of the Nanostructural Measurements carried out on the Eggs from
Young and Aged Hens

A double logarithmic graph for one of the eggshells obtained from the younger group of hens
is shown in Figure 5.1. In this figure, the pink scattering curve at high q values follows
Porod’s Law (blue line), where the scattering intensity declines in inverse proportion to the
fourth power with respect to the scattering angle. This indicates that the data analysis using
the equation determined by Fratzl ef al. (1996) described in subsection 2.10.2 can be applied.
The decay in scattering intensity was similar for all the eggshells in this group; therefore, the

same data analysis was applied in each case.
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Figure 5.1 Double logarithmic scattering curve shown in pink obtained from an
eggshell laid by a 35 week old hen. The blue line with a gradient of -4 depicts the Porod
region, where the scattering intensity declines in inverse proportion to the fourth

power.
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In Figure 5.1, at the lowest observable ¢ values, the scattering intensity decays
approximately at q~ (depicted by the blue line with a gradient of -5.43); this indicates that
this poction of the scattering curve does not follow Porod’s Law. Theretore, there are no
scattering features in (his region with sharp boundaries between the interfaces. 1t is possible
that the scattering points in this region are firom the tail end of scattering associated with the
presence of larger vesicular holes as described in subsection 1.3.2. Vesicular holes however,
are features of the eggshell ultrastructurc and therefore occur at a completely different length

scale.

The SAXS data from the eggshell samples laid by the aged hens were similar to the resulis
obtained from the young hens. The scattering intensity was found to dccay in inverse
proportion to the fourth power at high ¢ values and since this decay in the scattering intensity
was observed for all the data within this group, the same analysis procedure to determine the
size of the scattering features was applied. One of the scallering curves is shown in Figure
5.2 and is plotted on a double logarithmic graph (log I(g) against log q). The line in pink is
the scatiering from the eggshell sample, and the straight blue line with a gradient of

approximately -4 indicates the Porod region.
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Figure 5.2 Double logarithmic scattering curve shown in pink obtained from an
eggshell laid by a 72 week old hen. The blue line with a gradient of -4 depicts the Porod
region, where the scattering intensity declines in inverse proportion to the fourth

power.

According to this figure the scattering intensity decays approximately at q~ at the lower q
values (depicted by the blue line with a gradient of -5.02) similar to the results obtained from
the young hens, indicating that the scattering features in this region are not from interfaces
with sharp boundaries but from diffuse boundaries. This is similar to what has been
suggested for other systems such as silica (Schmidt e al., 1991). The scattering data was
analysed and a size parameter calculated following the same procedure that was carried out
for the eggshell samples laid by the young hens. The size values obtained in the eggs from

young and aged hens are compared in Table 5.2.



Pore/Void Size

: Ape n Value (nm) Sg}gﬁ:ﬁ) p-value
mean o
35 weelk old
hens 18 5.9 0.7
0.84
72 week old
hens 18 5.8 0.6

Table 5.2 The mean pore/void size value from the SAXS analysis from the 18 eggshells
in each group, (hens at 35 weeks of age and hens at 72 weeks of age). There was no

significant difference found between the size values obtained (p = 0.84).

The range in size values was between 4.7 7.2 nm for the eggs from young hens and 4.4 —
7.0 nm for the cggs from aged hens. The size values oblained are consistent with the size of
the nanovoids measured in the results section of Chapter 3 (see subsection 3.3). Statistically

there was no significant difference in the size of the nanovoids in each experimental group (p

=0.84).




5.3.3 The Relationship between the Size of the Nanovoids and Breaking Strength of
Eggshells

In Figure 5.3 nanovoid size is plotted against eggshell breaking strength. The eggshell
samples laid by the young hens are shown as blue diamonds and the eggshell samples laid by

the aged hens are shown as red squares in this figure.
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Figure 5.3 Nanovoid size values and eggshell breaking strength of eggs laid by young
and aged hens (R2 =0.0555, p = 0.168).

According to Figure 5.3 there is no relationship between the size of the nanovoids and

eggshell breaking strength (R* = 0.0555, p = 0.168).
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5.3.4 Pore Size Investigated using Mercury Intrusion Porosimetry

The breaking sirengths of the eggshells used in the mercury intrusion porosimetry

experiments are summarised in Table 5.3.

bggshell Sample Breaking Strength
Maximum Load (N)
"1 (low mechanical strength) 28.09
2 (low mechanical strength) 30.62
3 (high mechanical strength) 45.99
4 (high mechanical strength) 48.12

Table 5.3 Breaking strength measurements of the eggshells analysed wsing mercury

intrusion porosimetry.

The mercury intrusion porosimetry results show the pore size distribution in each eggshell
sample, where the pore radius (um) against incremental intrusion volume {(ml/g) is plotted.
Figures 5.4 and 5.5 display the results from the eggshells with the low mechanical strength,
and Figures 5.6 and 5.7 are from the eggshells with the high mechanical strength. According
to the figures presented here, all the samples have a dominant pore size distribution at 1000 —
2000 nm and another at 4000 - 5000 nm. Both of these pore size distributions however are
well beyond the resolution of SAXS. The height of the peak at 4000 - 5000 nm is the same
height in each of the eggshell groups indicating that both categories of eggshell have an
equal distribution of pores in this range; however, the peak at 1000 — 2000 nm 18 larger in
height in the eggshells with high breaking strengths. This indicates a greater mercury

intrusion volume at this pore size; therefore, there are a larger number of these pores in the
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eggshells with higher breaking strengths. There are a numbei of smaller peaks, which are
within the SAXS range (<10 nm) (see Figures 5.4 and 5.5) indicating that smaller voids arc
present in these eggshells but there is not a dominant peak corresponding to a specific pore
size. In contrast, the high mechanical strength eggshells (Figures 5.6 and 5.7) display a more
prominent peak corresponding to pore sizes with a radius of approximately 2.9 nm, which is
the equivalent to a diameter of approximately 5.8 nm. These pores are of a similar size range

to the nanovoids previously defined in this thesis using SAXS.
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Figure 5.4 Pore size distribution from eggshell 1, which had a low breaking strength.
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Figure 5.5 Pore size distribution from eggshell 2, which had a low breaking strength.
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Figure 5.6 Pore size distribution from eggshell 3, which had a high breaking strength.
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Figure 5.7 Pore size distribution from eggshell 4, which had a high breaking strength.
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The incremental mercury intrusion for the pore radii less than 10 nm are compared in Figure
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Figure 5.8 Comparison of the pore radius measurements below 10 nm in eggs
exhibiting high or low breaking strengths. The high mechanical strength eggshells
(shown in red) have a dominant peak at approximately 2.9 nm, unlike the low

mechanical strength eggshells (shown in blue).

This plot confirms that the high mechanical strength eggshells (lines are shown in red) have
a more dominant pore size population at around 2.9 nm than the low strength eggshells (lines
are shown in blue). The spread of pore radii up to 10 nm is similar for both high and low

mechanical strength eggshells.
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5.4 Discussion

Eggshells from young and aged hens exhibiting different breaking strengths were
investigated in this chapter by SAXS using the NanoSTAR instrumentation. The eggshell
samples were powdered so the SAXS size values obtained represent the average size values
for each specimen. The average size value for the eggshells laid by the young hens was 5.9
nm, and the average size value from the eggshells of the aged hens was 5.8 nm. Uhis
indicates that the measurements made regarding information about the scattering features in

the powdered eggshell samples from cach experimental group are similar,

Within the eggshell, approximately 95 % of the mineral fraction is composed of calcium
carbonate crystals in their calcitic form; these crystals are known to be on the micron length
scale, which 1s beyond the range of SAXS. However, in Chapter 3 it was hypaothesised that
intracrystailine particles or voids occur at the nanometer length scale within these crystals
due o the presence of embedded matrix proteins. 1In this chapter, SAXS revealed that the
smallest dimension of the intracrystalline particles in both the eggshells from both young and
aged bens was in the range of 5 - 6 nm. These values bear an excellent resemblance to the
data obtained from the SAXS data described in Chapter 3 and therefore adds support to this

hypothesis,

According to Panheleux et af. (2000), the total protein content within the eggshells produced
by young and aged hens does nol change; however, the concentration of individual proteins
was reported to change over time. In the context of the current work, it is possible that in
measuring the average size values from bulk powdered eggshell samples that mformation
reluting 1o more subtle changes in (he nanoporosity arising from the contributions made by

individual matrix proteins has been lost.
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An interesting deviance in the slope at lower ¢ values of the scattering curve was observed in
the eggshells analysed by the NanoSTAR in this chapter; at higher ¢ values, the intensity
decays with a rate proportional to approximately q, which has been defined by Porod’s Law
to be scatlering [rom a two-phase system with sharp boundaries. At lower ¢ values however,
the scattering intensity decays with a rate proportional to ¢, which has been observed before
in SAXS data from silica by Schmidt ¢/ «/. (1991). Similar observations were made by
Lorenz-Haas et a/. (2003) who investigated the defects at polymer-polymer interfaces.
Schmidt et al. (1991) reported that a slope being greater than -4 was a result of a “fuzzy”
boundary, where the surroundings of the pore boundary does not decline instantly to zero
density in the pore, but rather decays continuously from the constant density of the
surrounding sifica. SAXS does not resolve the structure at the atomic scale; therefore, the
density can be regarded as being conslanl. Lorenz-Haas et al. (2003) also observed that
steep slopes in the scattering curves are related to a diffuse transition in electson density
between two interfaces, the air and the polymer; therefore, structural features with sharp
boundaries are not seen.  With respect to the slope of -4 as described in Porod’s Law, the
density change is instant firom the inside of the pore, where density is zero, to the
surrounding media, which has a constant density. Therefore, the results presented in this
chapter seem to indicatc that there are diffusc boundarics within the cggshell material at the
observed length scale seen at lower ¢ values. There is another possibility that this feature s
the tail end of scattering from a group of larger structural features such as the vesicular holes
highlighted in section 1.3.2. A longer camera length may have permitted more information

to be obtained at this lower q value region.

The apparent lack of a relationship between the eggshell breaking strength and pore/void size

(Figure 5.3) suggests that the nanoporosity of the eggshell does not significantly contribute

171




to the mechanical properties of the shell. This contrasts with the findings of Rodriguez-
Navarro ef ¢f. (2002) and Ahined ef o/ (2005) who both found a significant relationship
between the crystallographic properties of the shell and eggshell breaking strength. The lack
of a relationship here could simply relate to the bulk measurements of nanoporosity carried
out in these experiments. Future work would concentrate more on characterising the range
in nanoporasity through the sheli thickness by collecting SAXS data at specific points in the

layers of the eggshell instead of bulk averaging,

The quasi-static compression test does nol provide a global measurement of the mechanical
properties of the eggshell i.e. only two peints on the egg are tested; therefore, the test can be
heavily influcneed by the presence of localised defects in its microstructure (Bain, 1992), Tt
is therefore possible that the mcthod of assessing eggshell strength was flawed in this
investigation. A complementary study in which the dynamic stiffness measurement was
uged instcad of the eggshell breaking strength however also faled to reveal any relationship
between the pore/void size and mechanical properties of the eggshell (data not presented vs
Bain, pers comm). This adds more credence to the argument presented above for the lack of

any correlation.

The mercury intrusion porosimetry experiments revealed two sets of pore size distributions
outwith the range of SAXS in both the low and high strength eggshells. One pore size
distribution was cbsetved to have a diameter of between 2000 - 4000 mm which
approximates to the sizes of the vesicular holes observed by previous researchers using
electron microscopy techmiques (Simons, 1971). La Scala, ef o/ (2000) used mercury
intrusion porosimetry but found pore diameters between 0.2 to 5 pim (200 — 5000 nim}), which

would correspond 1o the vesicular pores. Although this was ouly a preliminary investigation,
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the eggs exhibiting higher breaking strengths appeared to have a greater volume of these
pores or vesicular holes. This is not supported by Fraser et «f. (1998) who found that
egeshells laid by hens at the end of lay (which coincides with a decrease in eggshell quality)
showed an increase in the number of vesicles in the palisade layer of the eggshell. The larger
pore size distribution observed in these experiments corresponded fo a pore diamecter of
between 9 - 10 pm. The cggs with high breaking strength apparently had fewer of these
larger pores, which approximate to the size of large vesicular holes or gaseous exchange

pores.

A third pore size distribution was also observed in the eggs with high breaking strength at
less than 10 nru with a peak at 2.9 nm (pore radius), which are sizes within the SAXS range.
A similar pore size distribution was also observed in the low mechanical strength eggs but
the peal at 2.9 nm was not dominant io this group. The diameter of these pores (5.8 nm) is
comparable to the valucs obtained using SAXS, and so these pores are likely to correspond
to nanovoids in the eggshell samples. The SAXS analysis on eggs from young and aged
hens indicated that both types of cggshells contain nanovoids, but did not provide any
information as to the volume of these nanovoids or if they differed in eggs exhibiting
contrasting mechanical properties. The results of the mercury porosimetry study suggest that
there is a greater volume of these nanovoids in the eggshells exhibiting superior eggshell
strength characteristics. It is tempting to speculate that this effect could arise [rom a change
in the protein composition of the organic matrix bul this needs to be investigated and is
bevond the scope of this thesis. The results presented here nevertheless support the
suggestion that mechanical strength of eggshells 13 related to its porosimetry at all length

scales.
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In conclusion, the results from the SAXS experiments (young and aged hens eggshells) show
that the average size of nanovoids does noi change in eggshells which display significant
differences in their strength characteristics. Similar size values were determined for each
experimental group of eggs suggesting that the mcasurements obtained by the NanoSTAR
were flom the samc scatlering features within the samples. The pore sizes observed by
mercury intrusion porosimetry were comparable to the SAXS size values presented
throughout this thesis. This adds further supporl to the hypothesis that proteins embedded
within the calcium carbonate crystals and distributed throughout the different layers cause
nanovoids in the eggshell structure, and that these are distinct from pores at other fength
scales. The electron density contrast between the voids and the surrounding inorganic
material leads to the scattering signal observed, and analysis of this data reveals size values
of the scattering objects to be ot the order of 3 7 nm, which would cotrespond to the size of

embedded proteins.

In Chapter 6 the complex interactions between proteins and calcium carbonate at the

nanometer length scale are investigaled {urther using 7r vifro crystatlisation techniques.
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Chapter 6

Application of SAXS to Investigate the Moditying Effects of
Macromolecules on the Initial Nuclcation and Growth of Calcium
Carbonate In Vitro

6.1 Tatroduction

The strength and unique functional properties of the ben’s eggshell and the rapid rate at
which it is formed are a paradigm for those interested in biomineralisation. Understanding
the mechanisms and the controlling factors involved in its formation are not only of interest
from a biclogical point of view, but could also be applicd to the development of novel
systems through biomimetic processes (Heuer ez af., 1992; Arias and Fernandez, 2003). This
however requires a more complete understanding of the structure of the hen’s eggshell at
different length scales and how the mineral and inorganic moieties relate and interact with

one another.

Several authors have used in vitro crystallisation techniques to investigate if eggshell matrix
proteins influence the rate of calcium carbonate precipitation and crystal morphology
(Gavtron et al, 1996; 1997, Dominguez-Vera ef of., 2000; Fernandez ef af., 2004). In these
types of experiments, either the duration of precipitation or morphology of calcium
carbonate resulting from a metastable solution of sodium bicarbonate and calctum chloride in
water is usually compared with that where eggshell extract or vterine fluid has been added to
the system. Under these conditions, the induction time for calcium carbonate precipitation
has been shown 1o be reduced and even inhibited by the presence of uterine fluid, and the
morphology of the calcite crystals has also been shown to be markedly allered {Gautron ef

al, 1997). To date, however, therc is no inlormation at the nanometer fength scale




deseribing how these macromolecules might influence the initial nucleation and growth

events of calcium carbonate either in vitre or in vivo.

Calcium carbonate is widely used in indusiry as a filler in paper, plastics and rubber, and also
in painl, sealants, cosmetic and pharmaceutical products (Fleeley ef al., 2002). Calcium
carbonate is also found in parchment, where it forms as a result of the parchment making
process (Kennedy and Wess, 2003). Because of its wide industrial application, calcium
carbonate formation /n vifra has received much attention as nucleation events are critical to
controlling overall ¢rystal morphology and in the seleclion of the major mineral phase
deposited from the reagent solutions. Recently, time-resolved SAXS at a third generation
synchrotron source has been used to study the initial nucleation and subscquent phases of
calcium carbonate in vifro. Using a large volume crystalliser in conjunction with SAXS,
Heeley et al. (2002) reported that calcium carbonate formation is in fact a two-step process
which initially involves the production of an amorphous phase. Using a stopped flow
system, Bolze e af. (2002} and Pontoni e? a/. (2003) confirmed this result and proposed that
SAXS can be used to provide useful information about the size, shape, mass, density and
number of the initial paiticles and aggregations, which form as a functicn of the reaction

time,

in the light ol these exciting developments, the experimental design described by Bolze er o/,
{2002) and Pontoni e7 a/. (2003) is applied in conjunction with SAXS in this chapter to
investigate the effect of a range of eggshell proteins on the initial nucleation of calcium
carbonate in vifro at the nanometer length scale. From these experiments, it was hoped to

gain some insight into how eggshell matrix proteins might interact with calcium carbonate
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during the initial stages ol shell formation i# sif, and how this in turn gives rise to the

development of the nanostructural features described in Chapters 3, 4 and 5 of this thesis.

6.2 Materials and Methods

6.2.1 Experimental Set-up

The experiments described in this chapter were all carrted out at the SRS Daresbury
Laboratory on station MPW®.2 (described in subsection 2.9.3), which was connected to a
BiaLogic stopped flow cell SEM-300 (stopped flow module), which permits fast and

effective mixing of reagents (see Figurc 6.1).

6.2.2 In Vitro Crystallisation of Calcium Carbonte

The initial experiments werc carried out Tollowing the technique described previousty (Bolze
et al., 2002, Pontoni &f af, 2003) using equal volumes (total of 300 — 500 i) of calcium
chloride and sodium carbonate solutions. The concentration of these solutions ranged [rom
between 7.5 ~ 10.5 mM. At the start of each experiment, [0 ml of each reagent was loaded
into each of two syringe rescrvoirs, labelled 1 and 3 in Figure 6.1. 'Fhese solutions were then
simultaneously injected into mixer 2 of the stopped flow cell and then inio the cuvette. An
additional syringe (labelled 2 in Figure 6.1} was loaded with 10 ml deionised water. This
was used to flush out the system after each experiment to ensure that the mixing lines and
capillary were clean before proceeding with the next experiment. At the end of each
experiment, dilute hydrochloric acid was also flushed through the system fo remove any

calcium carbonate precipitate.




6.2.3 Introducing Macromolecules into the Experimental Model

Modified versions of the 9 mM calcium chloride solution were also prepared and used in
subsequent crystallisation experiments. These were prepared by adding either 2 mg of
ovalbumin or 100 pl - 250 pl of oviducal fluid to the 10 ml reservoir syringe containing the 9
mM calcium chloride just prior to injection. Each modified calcium chloride solution was
then mixed with a 9 mM solution of sodium carbonate to investigate whether the presence of
macromolecules influenced the formation of calcium carbonate. The oviducal fluid used in

these experiments was provided by the Roslin Institute, Edinburgh, UK,

Exit

Incident X-rays Detection
Cuvette

Mixer 2

Del i
s 1 elay Line

Syringe 1 Syringe 2 Syringe 3

Motor Motor Motor

Figure 6.1 Schematic of the Biologic stopped flow cell layout, showing where the delay

lines and mixers are located.
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6.2.4 Datu Acquisition

The SAXS data was collected on a one-dimensional detector (see¢ subsection 2.9.3 for
details). The camera length for the SAXS configuration was 3.3 m and the incident photon
encrgy was 12.4 keV (1.0 A). The scattering limits range from ¢ = 0.152 am™ t0 3.72 nm™.
Buffer background measurements for detonised water were taken for each experiment and
subtracted trom the acquired data. The data acquisition time for each experiment was set to
between 50 ms and 1 s, which were used in an attempt to ensure that data was being

collected whilst the first calcium carbonate clusters were nucleating.

6.3 Results

A double logarithmic plot of the scattering intensity obtained from mixing 7.5 mM solutions
of calcium chloride and sodium carbonate in the stopped flow system is shown as the blue
curve in Figure 6.2. The corresponding double logarithmic plots of the scattering inteusity
obtained when 9 mM solutions of calcium chloride and sodium carbonate were mixed using
the same system is shown as the blue curve in Figure 6.3. This figure aiso shows the effect
on the scattering intensity when either 250 pul of oviducal fluid or 2 mg of ovalbumin were
added to the 9 mM calcium chloride solution prior to injection (pink and yellow plots

respectively).
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Figure 6.2 A double logarithmic plot of calcium carbonate crystallised from equal
concentrations (7.5 mM) of calcium chloride and sodium carbonate solutions. The data
acquisition was 100 ms / frame and the average of the first 100 frames is shown. The

oscillations suggest that crystals are forming.
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Figure 6.3 A double logarithmic plot of calcium carbonate crystallisation resulting
from the combination of equal concentrations (9 mM) of calcium chloride and sodium
carbonate (blue) in a stopped flow system, (data acquisition was 100 ms per frame).
Similar plots for crystallisation, in the presence of 250 pul oviducal fluid (pink), (data
acquisition was 180 ms per frame), and 2 mg ovalbumin (yellow), (data acquisition was
180 ms per frame) are also represented. The average of the first 100 frames of each is

shown. All the data have had transmission corrected water backgrounds subtracted.
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The only scattering data collected that seemed to indicate that crystals may have formed is
shown in Figure 6.2, where oscillations were observed in the scattering profiles. These bear
some similarity to those observed by Bolze ef a/. (2002) wha suggested that these
oscillations resuit from the formation of spherical particles of calciun carbonate within the
system. According to this author, the scattering intensity can be used to provide information
about the sizes of the calcium carbonate crystals that are being formed. The radius of
gyration was therefore determined through the use of GNOM (Svergun ef al., 1988) and was

found to be 10.39 =0.01 nwm.

The scattering curve obtained when 9mM solutions of each reagent were mixed in the
stopped flow system do not show this oscillatory behaviour (Figure 6.3). This effect is
unlikely to be due to the change in concentration of the reagents as Bolze ¢7 al. {2002) used
similar concentrations. The results presented by Bolze ef af. (2002) and Pontoni ¢f af. (2003)
however do not seem to be reproducible in spite of our best efforts. The scattering curves
obtained when either oviducal tluid or ovalbumin was added to the 9 mM calcivm chloride
solution, prior to injection, were much weaker and of lower intensity than that obtained using
the standard 9 mM calcium chloride solution, the scattering intensity however siill increased

at higher q (Figure 6.3).
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6.4 Discussion

These preliminary investigations were carricd out 1o determine if SAXS is a uscfiil tool to
investigate the role played by matrix proteins in the nucleation and growth of calcium
carbonate /77 vitro. This type of investigation has previously been shown to provide
information about the initial nucleation and growth process, and the conditions and factors
that influence formation, crystal morphology and size. The type of knowledge generated in
this type of study and the principles behind the formation of biominerals like the eggshell

could be used in attempts to bioengineer new systems,

The lack of consistency in the SAXS data obtained in the cuirent investigations when
different concentrations of calcium chloride and sodium carbonate were used may have
occurred if the nucleation of calcium carbonate crystals had began either before or after the
timings used for data collection. If nucleation was initiated belore the data collection had
commenced then it is likely that the calcium carbonate crystals would have been too large to
be delecled by the camera length used in these experiments. The fact that there is some
degree of scattering present in the curves generated by both the 7.5 mM and 9 mM stock
solutions to some extent support this hypaothesis, but a longer length camera would have to

have been emploved in an attempt to confirm this.

Despite the lack of consistency in the data it is inferesting to note that when oviducal fluid or
ovalbumin were added to the stock 9 mM solution of calcium chloride, the scattering curve
changed considerably. Indeed, by the time the background scaftering had been subtracted
from this data the scattering intensity became aimost zero. The addition of oviducal fluid has

previously been shown by Gautron ef af. (1997) to delay the onset of crystallisation of
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catcium carbonate ir vitro. Herndndez-Hernandez ef ¢l (2003) subscquently observed that
high concentrations of four globular proteins (lysozyme, o-lactalbumin, ribonuclease and
myoglobin} exhibited a similar inhibitory effect. The lack of scaitering observed when
macromolecules were introduced in the current work is therefore consistent with a delay in
the onset of nucleation. ‘T'he experiments by Bolze ef a/. (2002) and Pontoni e af. {2003)
both showed oscillations in the scattering curves when various solutions of calcium chloride
and sodium carbonate were mixed in a stopped flow cell. In the studics presented here,

oscillations were only obscrved when 7.5 mM solutions were used.

The radius of gyration provides information about the size of the crystals formed in these
investigations, in the current work the size of the scaitering obiects giving rise to the
oscillations was determined to be 10.39 £ 0.01 nm. These size values are much lower than
the sizes quoted by Heeley ef of. (2002), who obtained a size of approximately 35 nm, and
Bolze ¢f af. (2002), who obtained average radius sizes of 32 nm, 75 nm, and 133 nm at the
initial, widdle, and tinal stages of crystallisation, tespectively. Heeley et af. (2002) inferred
that there was a melastable phase, which was amorphous, during the forration of calcium
carbonate in vifro, which then transforms into the crystalline phase. This was also observed
by Bolze ¢f al. {2002) and Pontoni ef af. (2003). X is thercforc possibie that the smaller
calcium carbonale crystal sizes represented in the current work correspond (o the beginning

of spherulitic formation. Further work however is needed to conlirm this hypothesis.

To allow these events to be studied in more detail, greater attention needs to be paid to the
triggering of the stopped flow system and the timing of the data acquisition. Due to the

advanced technology now available, such as the high britliance X-ray beam at synchrotron
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sources and data acquisition in the millisecond regime (Narayanan ef al., 2001; Cernik ef af.,
2004) it is now possible to carryout fast kinetic experiments. The knowledge gained from
studies like this will significantly improve our understanding of the processes, which give
rise to the formation of the eggshell /s sityr. The same principles may also be used in

attempts to bicengineer new systems in the future.

In conclusion, the preliminary results described in this chapter have provided a clearer
picture of the speed at which nucleation of calcium carbonate occurs in vifro and have shown
that macromotecules are capable of tnhibiting nucleation. These cxperiments have also
provided further insight as to the size of the resulting crystals, which form at different phases
of this crystallisation process. SAXS is therefore a useful tool which should be exploited
further in the future to investigate the role played by eggshell matrix proteins in the

nucleation and growth of the hen’s eggshell.
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Chapter 7

General Discusston and Conclusions

The main aim of this thesis was to investigate structural features of eggshell at the nanometer
length scale. The major contributions to our understanding gained by the work presented in

this thesis are explained here.

7.1 Two-Dimensional Mapping of Normal and Abnormal Eggshells

Microfocis SAXS was used to investigate nanostructural variations within the different
layers of the eggshell by sequentially scanning over the entire thickness of thin infact
transverse sections. Two-dimensional mapping showed that there were nanostructural
changes throughout the eggshelt thickness, with the most substantial variations occurting in
the mammillary layer. Within the two-dimensional maps produced for the normal eggshell,
a banding of nanoporosity size and scattering intensity was observed in the separate layers;
however, this banding effect was absent in the abnormal eggshells. Thus, it can be
concluded that for normal eggshells, the nanostruciure varies between the different layers of
the eggshell in such a way as to create an intricate design, which presumably optimises the
functional properties of the eggshell namely, protection and support of the egg contents.
Likewise, it can be concluded that if this nanostructural patiern is severely disrupted during
shell formation then the gross appearance of the eggshell and hence its functional properties
will be severely disrupted. The eggshells analysed in Chapter 3 were extremes in terms of
quality, but it is highly likely that even subtle changes in the nanostructural organisation of

the eggshell will influence its functional properties and hence overall quality.
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The most likely interpretation of the results obtained from the scanning microfocus SAXS i
Chapler 3 is that the scatlering signal observed in the normal eggshell resulted from the
presence of nanopores or voids within the crystallites. The size dimensions of these
voids/pores were subsequently found to be between approximately 3 — 5 nm.  These
nanovoids probably arise as a result of proteins becoming embedded within the calcitied
framework as the shell is forming. It is interesting to note that the size of these protein voids

was comparable in both the normal and grossly abnormal eggshells used in these analyses.

A more detailed analysis of the mammillary layer from normal eggshells using the same
technique showed enhanced intensity of scattering specifically in the mammiliary corcs
compared ta the surrounding material, The most convincing explanatioa for this observation
is that the scattering was caused by a highly localised concentration of protein within the
cores since this may produce a nanoporous structure. These proteins possibly play a key role
in the initial nucleation of calcium carbonate during the initial stages of shell formation. No
detailed scan of the mammillary layer from an abnormal eggshell was conducted; therefore,
no comparison can be made between the normal and abnormal eggshells. However, it is
tempting to speculate that variations in the scatiering sighal might have been observed in Lhe

abnormal eggshell signifying a disruption in the initial nucieation of this type of eggshell.

7.2 Nanostructural Examination of Powdered Eggshells ai Dilferent Stages of
Gestation using X-ray Diffraction and Small Angie X-ray Scattering

The structure of eggshells expelied at different stages of gestation were investigated as they
represent different stages in the shell growth process and are thercfore ideal for monitoring
the temporal and spatial changes in crystallite size and nanoporosity as the eggshell forms.

In this study, powdered samples were compared using the NanoSTAR instrumentation. Fwo
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techniques were compared, namely XRD and SAXS, in order (o identify which gave the
most usctul and accurate information relating to the eggshell nanostructore. The results
indicated that the calcium carbonate crystallites were too large to be accurately measured
using the powder X-ray line broadening from the XRD data and the Rietveld method,
whereas the SAXS analysis was shown to be the most appropriate technique for investigating
the nanoscale structures with electron density contrast within these larger crystallites. From
the SAXS data, the average sizes of the scatlering objects obtained from the powdered
eggshell material was between, 5.7 — 7.2 nm. The size of the scattering objects was also
consistent within samples from different stagos of gestation. 'This was a rather unexpected
result but can perhaps now be explained in terms of the fact that although the protein
component of the eggshell matrix changes in relation to the phasc of shell formation, the size
of the voids or pores present within the eggshell due to the presence of these embedded
proteins is fauly constant. The size values oblained using powdered eggshell material and
the NanoSTAR instrumentation were also consistent with those measured in Chapter 3, thus
confirming that in each casc the same nanostruciural features of the eggshell were being

measured.

7.3 An Examination of ithe Nanestructure of Iiggshells Exhibiiing Different
Mechanical Strengths

The eggshells laid by young and aged hens exhibited an average nanovoid size value of 5.9 +
0.7 nm and 5.8 £ 0.6 nm respectively, as determined by the SAXS data. n other words, the
nanostructural features of both types of eggshell were comparable despite there being
significant differences in their mechanical properties. The size values were again similar to
the previous results from Chapters 3 and 4, which supports the hypothesis that the size

measurements in all cases were [fom the same voids/pores within the calcium carbonate

188




crystals. The mercury intrusion porosimetry results revealed pore sizes that were less than
10 nm, which were comparable with the SAXS results. This complementary data provides
additional evidence that in all cases the features heing measured correspond to the voids
forimed by embedded proteins within the calcium carbonate crystals. However, in the case of
mereury intrusion porosimetry, for the mercury 1o gain enlry into these nanopores they must
be inter-connected in some way, for example by channels. Thus, it can be concluded that the
embedded proteins in eggshells are not enclosed but have some degree of connectivity

between them or a subset of connected nanoveoids exists.

7.4 Application of SAXS to Investigate the Modifying Etfects of Macromolecules on
the Initial Nucleation and Growth of Calcium Carbonate Iz Vitro

The influcnce of epggshell proteins on the formaiion of the eggshell is likely to oceur at the
nanometer length scale. The im vitro crystallisation experiments carried out in this thesis
were specilically designed (o mvestigate this nucleation event and the subsequent growth of
calcium carbonate both with and without the presence of organic matrix proteins. The
results presented are only preliminary but they do provide some insight into the speed or rate
at which this initial nuclcation process takes place, and on the size of the resultant calcium
carbonate crystals. Tor example, it was suggested that the calcium carbonate crystals form
very rapidly; future experiments may therefore require the conceniration of the active
reagents to be substantially reduced if this nucleation cvent is to be captured. In addition,
oscillations were observed in the scattering curve when the reactant solution concentrations
were 7.5 mM,; these oscillations possibly cotresponded to spherulitic formation since the size

values obtained were much smaller than those found by other researchers.
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7.5 Overall Conclusion and Potential Future Work

The results from the experiments presented in this thesis indicate that nanostructure of the
eggshell is characterised by the presence of nanovoids or nanopotres within the crystals of
calcium carbonate, which form as a result of cggshell matrix proteins becoming embedded
during the process of shell formation (Figure [.10 shows how crystals, crystallites and
nanovoids relate to one another). Differences in the nanostructural organisation of eggshelis
can be identified between normal and abnormal eggshells; the normal eggshell is highly
organised structurally and is formed in such a way as to maximise its functional properties.
The temporal and spatial distribution of eggshell matrix proteins in eggshells likely exerts
some influence on the formation of nanovoids or pores during the shell forming process but
apparently exerts little effect on the size of these nanostructural features. The X-ray source
and where the experiments were carried out did not seem to influence the size values
obtained for these nanostructural features. Both powdered and thin sections of intact

eggshell gave similar size values.

Although the NanoSTAR instrumentation makes use of powdered cggshell material it is
unlikely that SAXS could never be adapted as a tool for the routine assessment of eggshell
quality. This requires a high throughput technique so that large quantities ol eggshell
samples can be processed at any one time. SAXS, however, can be used to obtain hundreds
of SAXS patterns from one individual sample, thus providing detailed information about the
nanostruciural features of any one specific area of interest; this capability has proven to be

fundamental to our understanding of the eggshell nanostructure.

Microfocus SAXS has been shown to provide essential detail regarding the nanostructural

changes within the eggshell and more specifically il has been highly useful in highlighting
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regions of high proiein content, such as the cores of the mammillary layer, where the
scattering signal was greater Lhan the surrounding area. 1f time had permitted, it would have
been interesting to conduct similar detailed scans of the mammillary layer of abnormal
eggshells.  This would perhaps have allowed some coroment to be made on whether a
disruption to the nanostructural organisation of the initial formation of the mammillary

bodies was responsible for or had a knock-on effect on subsequent shell growth mechanisms.

Regarding size measurements of the scattering objects, stmilar values were obtained from
different eggshell samples independent of whether the samples were intact or powdered.
The likety explanation for the sizes is that this pore size distribution is from proteins that are
knewn to be embedded within the inorganic material thus resulting in nanoporosity within
the eggshell as observed in the SAXS data. This hypothesis is also supported by the data
oblained from mercury intrusion porosimetry experiments where pore size distribution
coincided with the size measurements from the SAXS analysis. Future work should consider
the use of mercury intrusion porosimetry to examine a larger sample set to determine Jf this
could be u useful technique to investigate variations in nanoporosity in eggshells exhibiting

different quality characteristics.

In terms of SAXS, fulure improvements in the read-out times of detectors will significantly
reduce the dala acquisition time and therefore potentially more samples could be examined at
synchrotron beamtime. A more detailed analysis of the nanostructure within individual
layers of the eggshell such as the verlical crystal layer and its interface with the cuticle might
even be possible using nanobeam SAXS lechnology, providing a more detatled map of
structural changes that are better matched to the size of the morphological variation in the

eggshell, The relationship of inter- and intra- crystalline proteins may also be addressed in
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the future by attempting to contrast match the calcite crystal interfaces and voids between
calcite crystals with a solution of similar electron density. If the intracrystalline proteins that
are believed to be embedded in the crystals are not accessible o the contrast matching
solution, then this would contirm that the scattering signal results from protein voids within
the crystal matrix as suggested in this thesis. Likewise, the way forward to understanding
nanonucleation of calcium carbonate crystals and the mlfluence ol eggshell proteins on
nucleation and growth would be to repeat the in vitro crystallisation experiments using a
larger range of concentrations of reactant solutions.  Another possibility would be (o test
another stopped flow system such as the onc used by Heeley ef af,, (2002) and {o use an
alternative beamline, as the SAXS configuration used in the experiments reported here might
not have been optimised [or nucleation experiments. Once the beamline and configuration
have been optimised, and the experiments produce meaningiul data proving that nucleation
and calcium carbonate crystals are forming, it would then be interesting to repeat them using
a full range of eggshell matrix proteins. However, this would require the proteins to be first
extracted and purified from eggsheils, which at the present time remains both technically

difficult and time consuming,

In conclusion, two-dimensional mapping of eggshells by microfocus SAXS has provided a
unique ingight into the nanostructural features of this complex biomineral especially within
the mammillary layer. Similacly, SAXS analysis of powdered bulk samples of eggshells
provided valuable nanostructural information despite it not being possibie to dctect any
differences in the nanostructural features of eggs exhibiting different mechanical strengths.
SAXS js therefore likely to continue to provide important siruciural information about

cgashells even if it is less suited as a tool for assessing the ‘quality’ of eggshells per se.
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