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Abstract

We investigate the use of dynamic light scattering for quantitatively as

sessing the effectiveness of certain bone-related proteins on the formation of 

hydroxyapatite crystals. Hydroxyapatite, Caio(P04)6(OH)2, is the major min

eral component of virtually all calcified tissue within the body. It is also 

present in numerous pathological calcifications including kidney stones and 

arterial plaque. There are a number of established assays for studying the 

potencies of proteins that modulate mineral formation, but they generally 

provide limited and often only qualitative information. We use dynamic light 

scattering to measure the size and growth rate of crystals precipitating from 

a solution of calcium and phosphate ions in the presence of various proteins. 

The mineral-modulating effects of bone-derived osteopontin, recombinant os- 

teopontin, synthetic poly-aspartic acid, and a 16-residue peptide derived from 

osteopontin (residues #  65-80, called pOPAR) are studied. Prom the intensity 

and the decay rate of the intensity autocorrelation function of the scattered 

light, we find that native osteopontin completely inhibits the nucléation of 

mineral crystals over the two-hour duration of the measurements. Poly aspar

tic acid and pOPAR are also effective inhibitors, though higher concentrations 

of these peptides are required to completely inhibit precipitation than for na

tive osteopontin. In contrast, recombinant osteopontin does not affect crystal 

nucléation, but appears to effectively inhibit crystal growth. These results 

demonstrate the utility of dynamic light scattering in the assessment of the 

effects of proteins and peptides on mineral formation in real time.

Key Words: dynamic light scattering, osteopontin, crystal growth, 

nucléation, hydroxyapatite, protein-crystal interactions
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Chapter 1

Introduction

The ability of organisms to biologically control mineral formation for various 

purposes, including the development of skeletal and protective structures, is 

key to the survival of an immense array of lifeforms. Despite this, biomineral- 

ization remains poorly understood. The purpose of the research described in 

this thesis was to investigate the use of dynamic light scattering to measure the 

effect of various bone-related proteins on biomineralization. The first chapter 

of this thesis provides an introduction to biomineralization, crystal formation, 

the role of proteins in this process, and current methods of assessing the role of 

proteins in biomineralization. Chapters two and three describe the materials 

and methods used, first introducing light scattering in a broad sense, followed 

by a detailed discussion of dynamic light scattering and an explanation of the 

experimental setup used in the present work. The fourth and fifth chapters 

present the results of our experiments and discus their significance. The thesis 

ends with a brief summary of the results and a discussion of the potential of 

light scattering as an assay with biomineralization applications.
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1.1 Biomineralization

Biomineralization is the process by which living organisms form minerals for 

their own requirements [1]. Over the last 550 million years, organisms from 

all five kingdoms have developed the capacity to synthesize over 64 different 

biominerals [2]. For example, mollusks construct shells made of argonite and 

calcite, two different forms of calcium carbonate, CaCOs [3]. Human bones 

and teeth consist principally of hydroxyapatite, Cai0(PO4)6(OH)2 [4], while 

some plants produce structures made of calcium oxalate (CaC204) that act 

both as internal calcium reservoirs and as a defense against herbivores [5].

Biominerals are often mineral-organic composites [1]. They are primarily 

mineral in their composition, but are often constructed in and around an 

organic lattice or mold that is incorporated into the structure. The organic 

matrix is specific for different structures, even within a single organism, and 

is generally responsible for providing flexibility and fracture resistance that 

are far superior to pure mineral equivalents [6]. As a result of this biological 

context, biominerals are generally formed under very regulated conditions [7,8]. 

This often results in materials that have properties, including size, shape and 

crystallinity, different from those of their inorganic counterparts, while some 

biominerals have geological equivalents that only form under the most severe 

conditions. For example, magnetite (Fe304) is a mineral that normally forms 

only under elevated temperatures and pressure in igneous and metamorphic 

rock, but several bacteria and vertebrates are able to produce it as a biomineral 

[9],

There are two different ways in which an organism exerts control over 

biomineralization. The first is referred to as “biologically-induced” [9,10] which 

refers to the process by which organisms induce mineralization as a by-product
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of metabolic processes interacting with the surrounding environment. For 

example, some green algae precipitate calcium carbonates as a by-product 

of photosynthesis. The metabolic removal of carbon dioxide from saturated 

calcium bicarbonate solution produces calcium carbonate according to the 

chemical reaction,

Ca2+ + 2HCO3 #  CaC03 + C02 + H20.

This method of indirect regulation often generates biominerals that have crys

tal habits much like those produced by precipitation from inorganic solu

tions [9].

Conversely, “biologically-controlled” mineralization, which is explored fur

ther in Section 1.3, involves much more control over mineralization. In this 

case, organisms, via genetic coding, direct the mineralization process with the 

help of specific biomolecules that nucleate and control the growth and mor

phology of the crystals [10].

The remainder of this thesis will focus on biomineralization in humans. A 

greater understanding of this process in the human body would be of significant 

medical relevance and is the motivation of this study. Such an understand

ing could lead to better bone repair therapies, implant development, and the 

prevention of serious unregulated biomineralization diseases such as vascular 

calcification and kidney stones as well as more benign conditions, like oral 

plaque calcification.

The primary role of biomineralization is to meet physiological needs for 

physical support and internal protection. In mammals, it is the process by 

which the skeleton and teeth are developed. Biomineralization is a dynamic 

process, and involves different mechanisms even within the same organism. 

For example, in vertebrates, mineralization occurs in calcified cartilage, bone,
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cementum, dentin and enamel. One model for biomineralization involves the 

construction of an extracellular matrix, generally consisting of collagen and 

other proteins, followed by the acidic protein-controlled deposition of minerals 

in and around the collagenous matrix.

Hydroxyapatite

Hydroxyapatite, Cai0(PO4)6(OH)2 is the principal mineral component of bones 

and teeth, comprising on average 65% by weight of bone, cementum and 

dentin and 95% of enamel [4]. However bone mineral, or biological apatite, is 

not simply crystalline hydroxyapatite but is actually a “microcrystalline, non- 

stoichiometric, structurally imperfect analogue to hydroxyapatite” [11]. Bone 

mineral has a calcium deficiency of 5-10%, meaning that another ion has been 

substituted for the calcium ion. It also often contains carbonate ions (CO32) 

in place of the phosphate ions, and can readily incorporate a number of other 

ionic substitutions into its crystal structure. Almost half of the periodic table 

can be substituted into the apatite crystal structure in place of either Ca2+, 

PC>4_ or OH-  ions [11-13].

This compositional flexibility of biological apatite has physiological bene

fits. It allows the human skeleton to serve many functions, including acting 

as a source of calcium, phosphate, and carbonate to maintain cellular func

tion, and removing heavy metal ions [13] from the blood stream. Calcium and 

phosphate ions serve many cellular functions and carbonate, which is avail

able both on the bone surface as bicarbonate and inside the crystal, increases 

crystal solubility [12]. This compositional flexibility is the reason why dentists 

apply fluoride treatment to teeth, as substitutions of fluoride for hydroxide 

ions in the crystal lattice occurs readily and decreases apatite solubility.
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Because of all the structural flexibility that biological apatite displays, a 

precise mineral formula for this material does not exist. As a matter of sim

plification, hydroxyapatite is commonly used as a model for biological miner

alization and for orthopedic biomaterials [13]. We also refer to bone mineral 

as hydroxyapatite throughout this thesis.

Bone and Tooth Development

Bones and teeth are the major mineralized tissues within the body. Bones pro

vide protection of internal organs, mechanical support and, in tandem with 

muscles, provide motility. Teeth are used to cut and chew food. Bone is a 

dynamic organ. It can be thought of as a “living mineral” as it constantly un

dergoes growth, dissolution and remodeling in response to internal signals and 

external forces [4]. For example, astronauts on the space station experience a 

loss of bone mass as a result of weightlessness [14]. Although the precise mech

anism is not understood, bones exhibit piezoelectric effects [12], whereby the 

application of pressure produces electric charges which stimulate bone mineral 

growth. It is believed that the network of mineralized matrix-encased bone 

cells called osteocytes act as strain gauges. Mechanical stimulus of the bone 

is believed to trigger these osteocytes to emit electrochemical signals which in 

turn activate osteoblasts, or bone-building cells.

As indicated above, with the exception of enamel, bones and teeth are, 

on average, composed of 65% hydroxyapatite by weight, with the other 30% 

consisting of organic materials and approximately 5% water. In bone, 90% 

of the organic phase is collagen, with the remaining 10% consisting of various 

types of proteins [12]. The organic phase of bone serves two purposes. The 

first, which will be explored further in Section 1.3, is to provide the architec
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tural scaffolding for bone during its growth and development [4]. The second 

function is to give bone mechanical properties that naturally forming hydrox

yapatite lacks. These include increased toughness and reduced stiffness, and 

depend on mineral content and the internal microstructure of the bone [4]. 

These properties can vary with the function of different bones. For example, a 

fast moving and agile creature requires more elastic bones with lower mineral 

content than a large marine animal. This is why the mineral content of deer 

bones is only 50%, while whale bones are roughly 80% mineral [4].

1.1.1 Pathological M ineralization

Pathological biomineralization can have undesirable effects. Some of the most 

severe examples include vascular calcification and kidney stones, the passage 

of which can be incredibly painful.

The Kidney Foundation of Canada claims that one in ten Canadians will 

develop kidney stones in their lifetime [15] and the prevalence of stone forma

tion has been increasing in recent years [16]. Roughly 80% of kidney stones 

consist of calcium oxalate and calcium phosphate, while about 19% are com

posed of struvite ((NH4)MgP04-6H20) or uric acid (C5H4N4O3) [16].

Sufficiently small kidney stones can form and pass unnoticed. Once a stone 

becomes several millimeters in diameter however, it begins to cause renal colic, 

initially causing minor discomfort but culminating in extreme pain. [16].

Stones less than 5 mm in diameter have a high chance of being passed. For 

stones between 5 and 7 mm, there is approximately a 50% chance of passage, 

but stones larger than 7 mm require some form of medical intervention, in

cluding extracorporeal shock wave lithotripsy (ESWL), stone disruption using 

lasers, or surgical intervention. ESWL uses sound waves to disrupt the stone,
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fracturing it into small pieces that can be passed without discomfort. Stone 

disruption with lasers involves inserting an endoscope up the ureter into the 

kidney pelvis to disrupt the stone with a high powered laser. Finally, surgical 

intervention involves a small incision in the flank of the patient and removal 

of the stone from the kidney [16].

Calcification of the vascular system is associated with aging, diabetes, and 

renal failure [17]. It is also a common consequence of biomaterial implants or 

prostheses such as prosthetic heart valves. Heart valve calcification leads to 

mechanical dysfunction and ultimately valve failure [17]. Vascular calcifica

tions were once thought to occur passively from the precipitation of calcium 

phosphate salts, however it is now believed that there are two different mech

anisms at work. Firstly, it appears that vascular calcification is a consequence 

of a regulated process including the deposition of an extracellular matrix, not 

unlike other physiological calcification processes [18]. The second mechanism 

is a loss of mineralization inhibitor proteins such as osteopontin, which results 

in an imbalance between the promotion and inhibition of calcification [18].

1.2 Crystal Nucléation and Growth

1.2.1 N ucléation

Crystallization of a mineral from solution is a phase transition that begins with 

a nucléation event, of which there are two types. As with most first order phase 

transitions, an energy barrier must be overcome before ions can precipitate 

out of solution to form a crystal. Heterogeneous nucléation occurs in the 

presence of a foreign substrate that reduces this energy barrier. The formation 

of biominerals is almost always initiated by heterogeneous nucléation. The
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ability to facilitate the formation of stable nuclei depends on the nature of the 

substrate, and will be explored further in Section 1.3. The second possibility 

is homogeneous nucleation, which occurs spontaneously in the absence of any 

impurities. The difference between these two types of nucleation is illustrated 

by what occurs in freezing water. Normal tap water will freeze at around 0°C, 

because it contains numerous small suspended particles that act as nucleation 

points for ice formation. If the water is very pure and free of particulate 

matter however, it can be supercooled to temperatures well below zero. This 

is due to the fact that homogeneous nucleation must overcome a relatively 

large energy barrier (compared to that for homogeneous nucleation) before it 

can successfully initiate the phase transition. While homogeneous nucleation 

is the much less common phenomenon, it is worth exploring as the principles 

of the process are helpful in understanding heterogeneous nucleation [10].

Homogeneous nucleation occurs when solution is sufficiently supersaturated 

that ionic clusters of critical size form spontaneously. The formation of ionic 

clusters smaller than the critical size is energetically unfavourable, but if the 

ionic clusters reach the critical size, they will overcome this energy barrier and 

achieve a more stable, favourable state within the crystal lattice. This energy 

barrier is illustrated in Figure 1.1, which shows the free energy of nucleation 

as a function of the cluster radius r. The free energy has a maximum value at 

radius r*. Figure 1.1 shows that a cluster smaller than the critical radius will 

dissolve back into solution. If it can spontaneously reach a size larger than 

the critical radius however, it will form a stable crystal nucleus and continue 

to grow [19]. The free energy of formation of a nucleus is given by

— AGsuryace + A G s v i k i (1.1)
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Figure 1.1: Gibbs Free Energy of Ionic Clusters

The total contribution to the Gibbs free energy of an ionic cluster as a function 
of radius. The red curve is the free energy due to surface tension. The purple 
curve is the free energy of the bulk crystal and the blue curve is the sum of 
these two contributions. At small r the surface free energy dominates and 
further growth of the cluster is unfavourable, so the cluster will redissolve. 
However, if r becomes larger than a critical size, r*, the cluster will grow as a 
stable nucleus.
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where AG N is the free energy of formation for a given nucleus, AGsurface is 

the surface free energy due to the solid-liquid interface and AG^fc is the free 

energy released by the formation of bonds in the crystal bulk. AGsurface and 

AGfyuik are defined by

A Gsurface = 4nr2a (1.2)

and

A G b u lk  —

47rr3A G u
3 Vm

(!.3)

respectively, where r is the radius of the cluster, a is the interfacial free energy 

per unit surface area, AGv is the free energy change per mole associated with 

the phase change, and Vm is the molar volume. Inserting Equations (1.2) and 

(1.3) into Equation (1.1) yields

AG n =  47rr2cr —
4'7rr3AGl)

Wm
(1.4)

Equations (1.2), (1.3) and (1.4) are plotted in Figure 1.1. The free energy 

of nucléation has a maximum value, AG*N at a critical radius r* that can be 

calculated by differentiating Equation (1.4) [10], corresponding to the activa

tion energy required for the phase change to proceed. AG*N is given in terms 

of the degree of supersaturation of the solution by [10]

AG *  _
N ~

167T <73V2

d ^ T l n S ) 2’
(1.5)

where S  is the supersaturation, defined as c/c0, where c is the ionic concen

tration in the solution and ca is the ionic concentration when the system is 

saturated, v is the volume per molecule, kß is the Boltzmann constant and T  

is the temperature.
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AG*n can be regarded as an activation energy, and is related to the rate of 

nucleation Jn by

JN =  Ae~AGN' /kBT, (1.6)

where A  is some constant.

Prom this discussion, it can be seen that the surface energy a of the critical 

nucleus r* and the degree of supersaturation S  are the key determinants to 

crystal nucleation. Interestingly, both of these factors are subject to biological 

influence [10]. This will be explored further in Section 1.3.

1.2.2 Crystal Growth

Once a stable nucleus has formed, it is free to grow. Crystal growth is generally 

reversible, and the net growth rate is defined as the difference between the 

arrival and departure rates of atoms at the crystal surface. For a crystal 

to grow, more molecules need to bond to the surface than leave it, and this 

exchange occurs preferentially in certain places on the surface [10, 20]. A 

typical crystal surface has flat regions called terraces and steps which separate 

terraces at different levels. These steps often contain kinks, as illustrated in 

Figure 1.2. These kinks are important for the growth of the crystal because 

a molecule adhering to the kink increases the number of bonds it makes with 

the existing crystal. Conversely, when molecules leave the crystal to return to 

solution, they are more likely to leave from the kinks than from a complete step 

or within a terrace. As a result, the crystal growth rate scales with the kink 

density [19]. Once a step propagates to the end of the crystal face, however, it 

disappears and further growth becomes difficult as new layers are often slow 

to nucleate on a flat crystal surface [20]. Alternatively, defects in the crystal
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Kink Solute

Step
Terrace

Figure 1.2: Kink and Step Diagram

A kink and step propagating across the face of a crystal. Molecules from 
the solution diffuse onto the crystal and dehydrate, or disrupt and displace 
the coordinated water molecules adsorbed to the crystal face. The molecules 
then diffuse across the crystal face until they encounter a kink and become 
incorporated into the crystal lattice, propagating the kink.

Figure 1.3: A Screw Dislocation Diagram

(A) demonstrates the early formation of a screw dislocation on a crystal face.
(B) shows the screw dislocation some time later after it has propagated, gen
erating several new layers on the crystal face. The propagation of screw dislo
cations creates new steps which facilitate continued crystal growth.
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~300 nm

31'
: ~40 nm

Figure 1.4: A Collagen Matrix Undergoing Mineralization

This schematic diagram illustrates the mineralization of a collagen matrix. 
In the precursor scaffold for bone known as the extracellular matrix, fibrilar 
collagen arranges itself in a staggered array, as this conformation maximizes 
chemical crosslinkings. The holes between successive collagen molecules act as 
nucléation sites for hydroxyapatite formation, a process which is believed to 
be initiated and regulated by noncollagenous proteins.

structure called screw dislocations can lead to the growth of new layers as 

shown in Figure 1.3. As the dislocation propagates it creates a screw-like 

structure on the crystal resulting in the creation of a series of new layers and 

more crystal growth than a typical kink.

1.3 Proteins in Biomineralization

Proteins are biological macromolecules consisting of well defined sequences 

of amino acids, called residues. After synthesis of a protein the constituent 

residues can be modified with what are called post-translational modifications 

which alter the properties of the protein. Proteins serve innumerable functions 

within the body.

The noncollagenous fraction of the organic component of bone consists of 

some 200 various proteins [4], with some more prevalent or relevant to the
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mineralization process than others. As these proteins have been extracted and 

their bone-related roles investigated, a model has been developed that aims to 

explain the biologically-controlled mineralization process [4]. In short, collagen 

forms a structural framework, which is represented schematically in Figure 1.4. 

Certain proteins interact with the collagen and act to nucleate mineral within 

the gaps in the collagen, known as hole sites, while other proteins regulate 

the mineral growth process. Protein regulation of mineral growth will be 

addressed in Section 1.3.1. As the nucleated mineral grows, it expands beyond 

the collagen holes, eventually forming plates that surround the collagen.

This model is motivated by empirical evidence based on the proteins that 

have been extracted from the extracellular matrix. Collagen itself has been 

shown not to nucleate hydroxyapatite formation [4], but is believed simply 

to be the structural framework within which mineralization occurs. Con

versely, some of the noncollagenous proteins that have been extracted from 

bone have been demonstrated to bind to hydroxyapatite crystals and to affect 

their growth and development in vitro. In particular, acidic proteins con

taining attached phosphate groups, called phosphoproteins, are believed to be 

responsible for initiating and controlling the growth of hydroxyapatite [21-30].

In this thesis, we focus principally on the effects of osteopontin (OPN) on 

hydroxyapatite formation, though other proteins have similar effects on min

eralization [24,25,29]. Bone sialoprotein (BSP) and OPN are both phospho- 

sialoproteins enriched with acidic amino acid residues, and have similar phys

ical properties [22]. However they have been demonstrated to exhibit com

pletely different effects on hydroxyapatite formation [22,24].

Bone sialoprotein is a protein of approximately 320 residues. It is highly 

negatively charged, has a flexible structure, and is rich in glutamic acid residues, 

which are distributed along its length as well as in two clusters of up to ten con
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secutive residues [31]. BSP is essentially only found in mineralized tissues and 

is generally expressed at sites of de novo bone formation [23]. It readily binds 

to collagen in the extracellular matrix [28]. Most importantly, however, BSP 

has been shown to directly nucleate hydroxyapatite at concentrations well be

low the threshold for spontaneous precipitation of calcium phosphate [22-24]. 

It has also been suggested that the active sites of nucléation on the protein 

comprise the two contiguous glutamic acid clusters with contributions from 

specific phosphorylated serine residues [23].

Although OPN has a similar structure to BSP, it does not nucleate hydrox

yapatite, but rather is a potent inhibitor of its formation and growth [24,29]. 

OPN is approximately 300 residues in length [32]. It is a disordered pro

tein, which means that it is flexible and lacks secondary structures like alpha- 

helices [33]. It is also highly negatively charged, containing a large number of 

aspartic and glutamic acid residues and one contiguous aspartic acid sequence. 

Rat bone OPN has approximately 30 potential phosphorylation sites [34,35], 

though on average only 10 phosphates are found per molecule. Milk OPN 

(bovine and human) contains 30 or more phosphate groups [36]. OPN is one 

of the most abundant noncollagenous proteins found in bone [37], but it is also 

found in all bodily fluids [38]. It is expressed by cells in bone, kidney, uterus, 

lungs, and the gastrointestinal tract [39]. OPN is involved in a number of 

physiological processes besides biomineralization, including cancer metastasis, 

immunity, apoptosis, inflammation, and wound healing [37,40].

Osteopontin is widely regarded as a good inhibitor of hydroxyapatite [41] 

and calcium oxalate [42, 43] crystallization, but the primary mechanism be

hind this inhibition is still a subject of debate. The aspartic and glutamic acid 

residues of OPN and BSP are believed to be responsible for allowing them to 

bind tightly to hydroxyapatite [7]. Constant composition experiments, how
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ever, on aspartic and glutamic acid peptides alone demonstrate that aspartic 

acid is 1000 times more potent at inhibiting hydroxyapatite growth [44]. It has 

been suggested that OPN inhibits hydroxyapatite growth via its contiguous as

partic acid region [22,45]. It has also been demonstrated that phosphorylations 

play an important role in OPN’s inhibitory activity, with non-phosphorylated 

OPN being a much less potent inhibitor [44,46].

It has also been suggested that the order of the residues of OPN is sig

nificant [47]. Pampena et a 1. studied a series of synthetic phosphorylated 

OPN-derived peptides using the constant composition method. They found 

that increasing the concentration of the peptides caused an increase in the lag 

time before precipitation occurred, but did not actually prevent the forma

tion of crystals. They then created a new peptide which contained all of the 

amino acids of one of the OPN-derived peptides, but rearranged in a random 

sequence. The inhibitory potency of this “scrambled” peptide was reduced by 

almost one half [47].

Two groups have performed molecular dynamics simulations in an effort to 

better elucidate the inhibition mechanism, and have come to slightly different 

conclusions [42,48]. Wang et al. simulated phosphorylated 14-mer peptides of 

OPN in the presence of calcium oxalate and came to the conclusion that local 

binding of phosphate structures is responsible for the inhibition of crystal 

growth [42]. On the other hand, Grohe et al. used molecular dynamics to 

study three forms of the same peptide, differing only in phosphate content, 

interacting with a calcium oxalate monohydrate crystal surface [48]. The three 

peptides had the same primary amino acid sequence, but different numbers 

of phosphorylations. These simulations demonstrated that phosphate groups 

were important for drawing the peptide close to the crystal face, but did not 

actually make contact with the crystal surface. Grohe et al. suggest that
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carboxylate groups on the aspartic and glutamic residues are responsible for 

binding the protein to the crystal face [48].

The average person excretes about 6 mg of OPN per day in their urine [49], 

regardless of urine volume [50]. Human urine is also supersaturated with 

respect to calcium oxalate, but people do not generally form kidney stones 

[43]. This has led to the suggestion that OPN plays a role in preventing the 

formation of kidney stones. This suggestion is reinforced by the fact that 

OPN is generally found in kidney stones in average concentrations of 8 mg/g 

of stone [50].

Wada et al. have demonstrated that soluble OPN is an inhibitor of vascular 

calcification, and increased synthesis of OPN that has been observed near 

sites of vascular calcification could indicate a physiological attempt to limit or 

prevent the calcification from occurring [30].

Finally, the absence of OPN in genetically modified mice has been shown 

to have a direct effect on the way bones are formed. Boskey et al. studied 

the bone in OPN-knockout mice and showed that with aging, there was an 

increased mineral density in their bones compared to control mice. The same 

mice possessed increased crystallinity throughout their skeleton compared to 

the controls [51].

1.3.1 Biomineral Growth M odification

Proteins can affect the growth and formation of biominerals in several ways. 

Nucleator proteins like bone sialoprotein can act as sites of heterogeneous nu

cléation, acting to dramatically reduce the activation energy [41] and increase 

the rate of nucléation. It is conceivable that certain proteins could reduce 

the activation energy of nucléation selectively to favour one polymorph over
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another, resulting in a preferred mineral structure [4].

Alternatively, proteins that bind sufficiently tightly to crystal faces can 

inhibit crystal growth by a process known as step blocking, whereby the protein 

acts to block attachment of molecules at a step edge. Kink blocking can also 

occur when the protein molecule binds to a kink site, decreasing the kink site 

density and slowing the kink propagation. [19]

Finally, a protein molecule could inhibit growth simply by preventing nu

cléation from occurring. If a long and flexible molecule enveloped a nucleating 

ion cluster before it achieved its critical size, preventing it from growing fur

ther, the sub-critical nucleus would redissolve [41].

1.4 Current M ethods of Assessing the Role of 

Bone-Related Proteins

The goal of this work was to develop a technique that could be used to measure 

inhibitory potency and kinetic parameters such as growth rates and particle 

sizes that cannot be readily determined using current techniques. Currently 

a number of different approaches are used to explore the relationship between 

bone-related proteins and hydroxyapatite nucléation and growth. These in

clude the constant composition and the steady state methods, which will be 

described briefly in this section.

The Constant Composition M ethod

The constant composition method is illustrated in Figure 1.5. It is a versatile 

technique that can be used to assess the potency of crystal nucléation and 

inhibition proteins, by measuring de novo crystal formation or growth of seed
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crystals. Here the method of studying seeded crystal growth in the presence of 

inhibitor proteins will be described. The constant composition method uses a 

feedback loop to ensure that the composition of a calcium phosphate solution 

remains constant throughout the course of the experiment, in an effort to 

reflect in vivo conditions.

Seed hydroxyapatite crystals are added to a continually mixed solution of 

metastable calcium and phosphate ions at pH 7.40. As the hydroxyapatite 

crystals begin to increase in size, they incorporate OH-  ions into their struc

ture, which depresses the pH. This drop in pH triggers a computer-controlled 

titrator which injects a fresh supply of calcium, phosphate and sodium hy

droxide ions into the solutions until the pH returns to 7.40. Nitrogen gas is 

also bubbled through the solution to prevent the dissolution of carbon dioxide, 

which would artificially depress the pH. When inhibitor proteins are added to 

the calcium phosphate solution, the rate of growth of the crystals decreases, so 

less titrant is required over the course of the experiment. The crystal growth 

rate can be calculated from the amount of titrant required to maintain a con

stant pH over the course of the experiment. Comparing the growth rate in the 

presence of the inhibitor to the results of control experiments gives a measure 

of the protein’s inhibition potency. A related system known as auto-titration 

functions similarly, but does not replenish the supply of calcium and phosphate 

ions. These systems have been successfully used to assess the inhibitory po

tency of BSP, OPN and a number of other bone-related proteins [24,44,47,52]. 

The primary drawbacks of this technique are that it is technically challenging 

to maintain appropriate conditions and is time consuming.
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Computer

Double-walled 
glass vessel

Figure 1.5: The Constant Composition Method

This method is commonly used to assess the inhibitory potency of bone-related 
proteins. See text for details.
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The Steady State M ethod

The steady state method is generally used to assess the potency of crystal 

nucleator proteins. This method, illustrated in Figure 1.6, involves a number 

of plastic cells arranged in series. In Figure 1.6, calcium solution is continu

ously pumped, via the top left inlet into the cell. The bottom left outlet of 

the cell leads to a reservoir where the waste calcium solution is collected after 

it has passed through the cell. Similarly, phosphate solution is pumped into 

the cell via the top right inlet and waste phosphate is removed through the 

bottom right outlet. The center of the cell contains an agarose gel which is 

separated from both solution paths by a dialysis membrane. As the solutions 

pass through the cells, the ions can diffuse across the membrane into the gel, 

and then diffuse through the gel where they establish a concentration gradi

ent. The nucleation potency of a protein can be assessed by incorporating the 

protein into the gels at different concentrations and determining the concentra

tions at which nucleation of hydroxyapatite occurs. Control experiments are 

performed in the absence of protein. After the experiment has run its course, 

the gels are removed and calcium and phosphate content is determined. This 

method has been used to assess the nucleation potency of BSP, BSP-derived 

peptides and other bone-related proteins [22-24,29]. The primary drawback 

of this method is that it is time consuming, with one experiment taking at 

least five days to run. Furthermore, it reveals nothing about the mechanics 

or kinetics of the nucleation process, but only whether or not mineralization 

occurred.
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1.5 Purpose of Thesis

Conventional methods of studying the effects of proteins on crystal growth are 

time consuming. The development of a fast, convenient and reliable method 

for assessing the potency of inhibitor or nucleator proteins would be a welcome 

and useful development in the field of biomineralization research.

The goal of this study was to investigate the use of dynamic light scatter

ing for this purpose and to validate the technique by studying several known 

inhibitor proteins and peptides.

This study demonstrates that dynamic light scattering does provide a fast 

and reliable method for assessing the roles of proteins in the biomineralization 

process and readily provides information not easily obtainable through other 

means.
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Chapter 2

Light Scattering

2.1 Introduction

Dynamic light scattering, which is the technique used in this work, is often 

used to measure the size and size distribution of small particles [53]. For 

example, it has been used to study the nucléation and growth kinetics of ze- 

olitic (aluminosilicate) particles [54-56] and gibbsite (7-Al(0H)3) [57] from 

solution, to assess protein-protein interactions, and to measure crystalliza

tion kinetics [58-60] and protein folding kinetics [61]. Onuma et al. have 

used light scattering to measure the molecular growth units of hydroxyapatite 

crystals [62,63], and to monitor the crystallization of hydroxyapatite around 

so-called growth factor proteins. Their interest was in constructing a protein- 

crystal (fibroblast growth factor - HA) composite that could be used to better 

induce bone repair [64]. In this thesis we investigate the use of dynamic light 

scattering to study the effects of a bone-related protein and synthetic peptides 

on the nucléation and growth of hydroxyapatite crystals.
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Scattering

Figure 2.1: A Schematic Illustration of Light Scattering

The incident light enters the medium from the left. While most of the light 
passes through the volume unaffected, some is scattered and measured by a 
detector, q is the scattering vector, which is defined as the difference be
tween the propagation vectors of the scattered and incident beams, k j and k* 
respectively.

2.2 Light Scattering

The light scattering process is represented schematically in Figure 2.1. In this 

figure, radiation with wave vector kj is incident on a scattering medium from 

the left [65]. In our experiments, the scattering medium is a suspension of small 

calcium phosphate precipitates, some to most of which are hydroxyapatite 

crystals. Most of the radiation passes through the medium unaffected, but 

some will be scattered by the suspended particles. A detector positioned at an 

angle 9 relative to the incident radiation measures the intensity of the scattered 

radiation, I(9,t). The scattering particles diffuse through the medium over 

time, so 1(9, t ) fluctuates. The scattering volume V  is defined as the region that 

is both illuminated by the incident beam and observed by the detector [65,66].

The scattering vector q is defined by q =  k / — kj, as shown in Figure
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2.1, where k / and kj are the propagation vectors of the scattered and incident 

beam respectively. If q is the magnitude of the scattering vector q, it follows 

that

In this work we assume that the light is scattered quasielastically, so \kf\ sa |/cz|. 

Using the law of cosines, ki ■ kf =  kikf cos 9 =  k2 cos 9, so Equation (2.1) 

becomes

Since ki = 27t/A, where A is the wavelength of the light in the scattering 

medium, q is given by

where n0 is the refractive index of the scattering medium and A0 is the wave

length of the light in vacuum.

In static light scattering measurements, the time averaged scattered inten

sity is measured as a function of scattering angle, or equivalently as a func

tion of q. Static light scattering measurements provide structural information 

about the scatterers [67,68]. For example, static light scattering can provide 

information about the molecular weight, radius of gyration and sometimes the 

shape of scatterers [69].

q2 =  |kf -  ki|2 =  kj +  k^ -  2k[ • kf. (2.1)

q2 =  2k2 — 2k2 cos 9 = 2k2(l — cos 9) = 4k2 sin2((9/2). (2.2)

(2.3)

2.3 Dynamic Light Scattering

In dynamic light scattering, the fluctuations of the scattered intensity are mea

sured and analyzed as a function of time. Dynamic light scattering provides
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Figure 2.2: A Typical Scattered Intensity Plot

A typical plot of /(/,), showing the fluctuations of the scattered intensity as 
a function of time. These data were obtained from a measurement using a 
suspension of 220 inn polystyrene spheres at a scattering angle of 90°.

information about the diffusion and hydrodynamic radius of the scatterers in 

the medium.

A suspension of colloidal particles illuminated by coherent light will pro

duce a grainy speckle pattern when viewed in the far field [53]. At some 

points, the light scattered by the particles interferes constructively, and at 

others, destructively, resulting in regions of high and low intensity. The scat

terers undergo Brownian motion, causing the interference pattern to change 

with time and generating random fluctuations in the speckle pattern. A typi

cal plot of the randomly fluctuating scattered photon intensity as a function of
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time is shown in Figure 2.2. The scattered intensity and the photon count rate 

are used interchangeably throughout this thesis because intensity is propor

tional to the number of photons incident on the detector in time, given that 

the photon energy and the detector size are fixed. The intensity fluctuations 

are analysed by calculating the time autocorrelation function of the scattered 

intensity at the detector, <?2(r), defined by

s  w -  m r  ■
The intensity autocorrelation compares the intensity I(t) at some time t to its 

value I(t  + t ) a time r  later. The angle brackets indicate an average over all 

times t. When r  =  0, the two signals are the same, and g2{r) is a maximum. 

As r  increases, I(t) and I(t  -I- r) become less correlated and (I(t)I(t + r)) 

decreases. The radius of the scatterers, which is the quantity of interest in 

the present work, is actually calculated from the time autocorrelation function 

of the electric field. We measure the intensity because the electric field can

not be measured directly [53]. The electric field correlation function, ^1(r), is 

related to the intensity correlation function, g2(r), by the Siegert equation [53],

g2(T) = 1 + p [g \T )]2 , (2.5)

where /? is a constant related to the area of the detector.

For a monodispersed system, the electric field autocorrelation function de

cays exponentially with the delay time r,

gl {r) = e—D q2r (2.6)
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Figuro 2.3: A Typical Plot of g2(r) — 1

A plot of a typical intensity autocorrelation function. These data were ob
tained from measurements at a scattering angle of 90° on a Ca2 ' P()J“ solution 
that had aged for 110 minutes producing a hydroxyapatite crystal suspension.
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where D is the diffusion coefficient, given by Equation (2.7),

D =
kBT
6mjr

(2.7)

Here kB is the Boltzmann constant, T  is the temperature, rj is the viscosity 

of the solvent and r  is the hydrodynamic radius of the particles. Equation 

(2.6) can be generalized for a polydisperse system to a sum of two or more 

exponential decays [70].

The light scattering device used in this work was a CGS-3 compact go

niometer system manufactured by ALV. It is pictured schematically in Figure 

2.4. It consists of four main parts: a laser, a goniometer, a detector, and a 

correlator. The laser source is a continuous wave HeNe laser of wavelength 

632.8 nm and maximum power 22 mW.

The goniometer determines the scattering geometry and houses the sample 

in an index matching vat. The sample to be studied is placed in a 10 mm 

diameter, optical quality, cylindrical glass cuvette, which is in turn placed 

into a holder in the index matching vat. The vat is filled with toluene, which 

has a refractive index matching that of the cuvette. This is necessary to 

minimize scattering and refraction from the cuvette itself. The scattered light 

reaches the detector by passing through a narrow window located around the 

circumference of the vat.

The photomultiplier detector is positioned on the detector arm of the go

niometer, which rotates about the center of the vat to give scattering angles 

9 between 12° and 155°. The experiments described in this thesis were all 

performed at 9 = 90°, corresponding to a scattering vector of 17 jum-1. The 

distance of the detector from the scattering volume is set such that only one
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Figure 2.4: DLS Schematic

A schematic for the Dynamic Light Scattering device used in this experiment. 
Laser light is focused into the cuvette containing the sample. Light is scattered 
in all directions by the medium. Some of the light is measured at a scattering 
angle 0 determined by the position of the detector. The intensity fluctuations 
measured by the detector are passed through the amplifier/discriminator where 
the pulses are digitized, and relayed to the correlator. The correlator generates 
the normalized intensity time autocorrelation function in real time and passes 
this to the computer.
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or two speckles are measured.

The output signal from the photomultiplier detector is passed to a pulse 

amplifier/discriminator circuit that applies a threshold filter to remove spu

rious pulses and converts the signal to standard logic pulses of well defined 

height and duration [71]. The filtered, digitized signal is then passed to the 

correlator, which calculates the intensity autocorrelation function in real time. 

The intensity autocorrelation function is then sent to a personal computer 

along with the intensity-time data. A computer program performs curve fit

ting to calculate the distribution of hydrodynamic radii of the scatterers and 

displays the results.
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Chapter 3

Materials and Methods

3.1 Calcium Phosphate Solution Preparation

It took a considerable amount of time and effort to determine a preparation 

method and solution concentrations that produced reliable and reproducible 

behaviour. It was noted that if the solutions were permitted to age more than 

24 hours, their behaviour would change — sometimes they would become 

more reactive, sometimes less. Similar issues have been observed with both 

the steady state and constant composition methods (P. Azzopardi, private 

correspondence). For this reason, the solutions were prepared fresh daily from 

concentrated stock solutions. In particular, the Ca2+ solution was difficult to 

work with. It was determined that addition of NaCl or a buffering agent to 

the calcium-containing solution limited the stability of the prepared mixture.

Concentrated stock solutions of 1 M calcium chloride (CaC^), 0.5 M sodium 

phosphate dibasic (Na2HP04), 2 M sodium chloride (NaCl), 1 M Tris (hy

dromethyl amino methane) (C4H11NO3), and 0.5 M sodium azide (NaN3) were 

prepared. All chemicals were obtained from Sigma Aldrich (St. Louis MO),
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and stocks were prepared in MilliQ quality water. The stocks were filtered 

using 0.2 /xm filters (Nalgene) and stored in clean, autoclaved glass bottles. 

From these stock solutions, three solutions were prepared daily: 12 mM Ca2+, 

a 18.75 mM PO4-  and 18.75 mM Tris buffer. The PO4-  solution also con

tained 300 mM NaCl and 18.75 mM Tris buffer, while the 18.75 mM Tris buffer 

solution also contained 150 mM NaCl. All three solutions contained 0.02 % 

sodium azide by weight to prevent bacterial contamination. The PO4- and 

Tris buffer solutions were then both adjusted to a pH of 7.40 by the addition of 

HC1 (Sigma Aldrich). The addition of NaCl and the pH of 7.40 were to mimic 

in vivo conditions. After these solutions were prepared, approximately 50 ml 

of each was filtered through 0.2 pm or 0.02 pm syringe filters into sterile BD 

Falcon tubes. The 0.2 pm filters were insufficient to remove the contaminants 

from the Ca2+ solution, so it was filtered with 0.02 pm syringe filters ob

tained from Whatman (Maidstone, England). We found that these solutions, 

prepared daily, gave consistent and reproducible behaviour.

3.2 Protein and Peptide Preparation

We studied the effect on calcium phosphate and crystal growth of two proteins 

and two peptides. The proteins investigated were native rat bone osteopontin 

(nOPN) and recombinant rat bone osteopontin (rOPN). Recombinant OPN 

has the same amino acid composition as nOPN but lacks the post translational 

modifications, including the phosphates that are found in nOPN. In addition, 

two OPN-related peptides previously shown to modulate mineral formation 

in vitro [72], were studied: phosphorylated osteopontin poly-aspartic acid re

gion (pOPAR), a synthetic 16mer peptide based on the OPN 65-80 sequence 

which includes a phosphorylated-serine residue and the contiguous aspartic
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acid sequence; and a synthetic poly(aspartic acid) (Sigma Aldrich), with a 

mass of 11 kDa and containing approximately 95 residues. Both the nOPN, 

which was extracted and purified [73], and the rOPN, which was expressed in 

prokaryotic cells and purified [74], were prepared by H. Chen. The pOPAR 

was synthesized and purified by Y. Liao.

The proteins used in this study were provided in pre-weighed, freeze-dried 

aliquots. A protein aliquot was dissolved into a volume of the filtered Tris 

buffer solution, then a small volume was removed and further diluted with 

buffer. Several different concentrations of proteins/peptides were prepared, as 

described in Table 4.3. The diluted protein and peptide solutions were kept 

frozen at -20° C until required for the experiment.

3.3 Polystyrene Spheres

Light scattering measurements were also performed on suspensions of polysty

rene latex spheres, to determine a relationship between particle size, particle 

number concentration, and scattered intensity. Spheres with refractive index 

of 1.59, density 1.05 g/cm3 and radii of 15, 45 and 110 nm were purchased 

from Thermo Fisher Scientific (Fremont CA).
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Chapter 4 

Results

4.1 Polystyrene Spheres

We performed static light scattering measurements on several sizes and con

centrations of polystyrene spheres in order to establish an approximate rela

tionship between the size and number of scattering particles and the scattered 

intensity measured by the detector. A known mass fraction of spheres was 

suspended in water. The number density of spheres in this suspension is given 

by n0, which is given by

n0
1

vs P s  i— c  \
pw O J

(4.1)

where vs is the volume of one sphere, ps is the density of the spheres, pw is 

the density of water, and C is the mass fraction of the spheres.

The experiments were each performed at a scattering angle of 90° for three 

consecutive one minute measurements. The average time-averaged scattered 

intensity for these three measurements is then plotted against the concentra-
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Figure 4.1: Count. Rate vs Particle Concentration

The average count rate vs. the number of particles per cm3 for spheres of 
radii 15, 45 and 110 nm at an angle of 90°. The lines are fits to the functions 
2.52 x 10-l0no, 1.70 x 10-7no, and 2.14 x 10_5no corresponding to the 15, 45, 
and 110 nm radii respectively.
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Figure 4.2: Number of Particles per cm3 vs Radius for a Common Scattering 
Intensity

The number of particles per cm3 vs. their respective radii for a scattering 
intensity of 300kHz.
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Table 4.1: Fit Functions to Sphere Data 
Sphere Slope

Radius (nm) (kHz cm3/number)
15 (2.5 ±0.1) x 1(T1U
45 (1.7 ±  0.2) x 10-7

220 (2.1 ±  0.1) x 10-5

The parameters of the three functions fit to the data in Figure 4.1.

tion of the suspension in Figure 4.1. These data were fit to straight lines, the 

slopes of which are listed in Table 4.1. These fit functions describe the data 

well in all cases, indicating that the scattered intensity increases linearly with 

the number density of scatterers.

The same data were used to determine the relationship between the scat

tered intensity and the size of suspended scatterers. For each particle size, 

the concentration required to give a scattering intensity of 300 kHz was de

termined from the previous fits. The results are plotted in Figure 4.2. A 

power law fit to the data gives I  = (1.8 ±  0.2) x HFM-60^ 005) with I  in kHz 

and r in nm, where r is the radius of the spheres. This fit describes the data 

well. Furthermore, this result is consistent with the theoretical treatment in 

ref. [69], where it is shown that the scattered electric field E  from a small 

scatterer is proportional to the polarizability a, of the scatterer, which is in 

turn proportional to r 3. Since I  — E 2, this implies that I  oc r 6.

Finally, we performed dynamic light scattering measurements on suspen

sions of the spheres using observation times and concentrations similar to those 

used in our crystallization experiments to confirm the accuracy of the radius 

measurements obtained from the light scattering system and its data analysis 

software. Table 4.2 shows the results, which consistently gave radii for the 

spheres equal to the expected values, within the uncertainty specified by the
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Table 4.2: Sphere Size and Measurement Data 
Sphere Measured 

Radius(nm) Radius (nm)
15 ±  5 17.9 ±  0.2
45 ±  7 45.7 ±  0.2

110 ± 1  111 ± 1

The radii of the polystyrene spheres given by the manufacturer, along with 
the sizes measured by dynamic light scattering.

manufacturer of the spheres.

4.2 Protein-Crystal Measurements

Experimental Details and Behaviour

In our experiments, we studied the precipitation of small calcium phosphate 

crystals from the three solutions described in Chapter 3 by mixing 0.38 ml of 

the Ca2+ solution with 0.38 ml of the PO4-  solution in the presence of 1.04 

ml of the Tris buffer solution. The concentrations in the final 1.80 ml solution 

were 2.53 mM Ca2+, 3.96 mM PO^- , 14.8 mM tris buffer and 150 mM NaCl. 

For the experiments involving the protein or peptide, 20 or 40 /d of dissolved 

peptide or protein solution was added to the mix, and an equal volume of Tris 

buffer solution was withheld. This ensured that the final mixed volume and 

concentrations were the same, and that the solutions differed from the controls 

only by the presence of the protein or peptide.

We performed control measurements using the above solutions prepared 

without any protein or peptide. All control experiments showed very similar 

behaviour. In general, for the first few minutes of observation, the scattered 

intensity would remain near the background level. The background scattering
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intensity was determined to be 7 ±  1 kHz by averaging the scattered intensity 

using the Tris buffer solution for five minutes. Figure 4.3 shows the scattered 

intensity five minutes into a control measurement. The scattered intensity 

increases fairly rapidly, as in this figure, for about 30 minutes as the precipitate 

forms in the solution, then continues to increase more slowly for the remainder 

of the measurement. Figure 4.4 shows the scattered intensity 110 minutes into 

a control measurement, at which time the average intensity is slowly increasing. 

The average scattered intensity at the end of a control measurement, at 120 

minutes, was approximately 85 kHz.

Each solution was observed for a period of two hours. Over this period, a 

new 60 second measurement was made every minute, and every five minutes 

the software would average the scattered intensity and hydrodynamic radii 

from the previous five minutes and save the results. This allowed for the 

collection of 24 data points over the lifetime of each solution. The samples 

were all tested in triplicate, and controls were run intermittently between 

the protein and peptide measurements to monitor for solution deterioration. 

Thus, the first, third and fifth measurements were control measurements and 

the second, fourth and sixth measurements were solutions with a peptide or 

protein. This allowed us to monitor any drift that may have occurred over the 

12 hour measurement period. The concentrations of the proteins and peptides 

that we studied are given in Table 4.3.

Average Scattered Intensity

The five minute average scattered intensity values, 7(i), for a typical control 

experiment and for the three concentrations of nOPN that we studied are 

plotted as a function of time in Figure 4.5. The control measurement had
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Table 4.3: Protein and Peptide Concentrations Studied
[nOPN]

/ig/ml
[rOPN]
/'g/ml

[pOPAR]
//.g/ml

[poly-asp]
/vg'/ml

0.052 1.13 1.39 0.083
0.103 4.55 11.1 0.33
0.414 9.10 44.4 0.67

The three concentrations tested for each protein or peptide.

Figure 4.3: Early Count Rate vs. Time

The count rate as a function of time early in a typical control measurement. 
Here the 0 on the time axis corresponds to 5 minutes after the start of the 
experiment.
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Figure 4.4: Late Count Rate vs. Time

The count rate as a function of time late in a typical control measurement. 
Here the 0 on the time axis corresponds to 110 minutes after the start of the 
experiment.
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the highest I(t) by the end of the measurement, with the intensity decreas

ing with increasing protein concentration. The lowest concentration of nOPN, 

0.052 /ig/ml, decreased the final scattered intensity by about 15% while a 

concentration of 0.103 /ig/ml reduced the final scattered intensity by approx

imately 50% below the control level. The highest concentration, 0.414 fig/ml 

of nOPN gave a constant scattering intensity at the background level.

Figure 4.6 is a plot of I(t) as a function time for a typical control and the 

three concentrations of poly(aspartic acid) that we studied. Once again, the 

control measurement gave the highest I  (t) with the intensity decreasing with 

an increase in protein concentration. The 0.083 fig/ml poly-asp solution only 

marginally reduced the final scattering intensity below the control measure

ment, while the 0.33 and 0.67 fig/ml solutions of poly-asp both gave low but 

slowly increasing and statistically similar intensities just above background 

level.

Analysis of the effect of pOPAR on calcium phosphate precipitation is 

depicted in Figure 4.7. I(t) values are plotted against time for a control 

and three different concentrations of pOPAR. The lowest concentration of 

pOPAR, 1.39 fig/ml, had a similar scattered intensity profile to that of the 

control. At 11.1 fig/ml pOPAR, I ( t ) decreased to approximately 50 % of the 

control, whereas at 44.4 fig/ml, I(t) decreased to to an intensity only twice 

the background level.

Figure 4.8 shows a plot of I(t) against time for a control and the three con

centrations of rOPN. The lowest concentration of rOPN, 1.14 //g/ml, gave a 

scattering intensity similar to the control measurement, which had the great

est scattered intensity of all the measurements. The middle concentration, 

4.55 //g/ml, resulted in the greatest reduction in scattered intensity, while the 

highest concentration, 9.09 /ig/ml, resulted in a relative increase in scattered
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Figure 4.5: Count Rate in the presence of nOPN vs. Time 

The five minute average count rate vs time for nOPN.

intensity over the 4.55 /zg/ml measurement. The results from these experi

ments will be discussed further in terms of crystal inhibition in Chapter 5.

A utocorrelation Functions

An early gauge of the behaviour of the precipitate in solution is provided by 

the autocorrelation function, which is displayed in real time. Figure 4.9 shows 

the shifted intensity autocorrelation functions, g2(r) — 1. from measurements 

using the highest concentration of rOPN at five, 55 and 110 minutes into 

the experiment. As the precipitation proceeds, the measurements become 

less noisy and g2(r) — 1 decays more rapidly to zero. At early times, /(/.) is 

increasing on average, as seen in Figure 4.8. As a result, 1(1, + r) is always
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The five minute average count rate vs time for poly-Asp.
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The five minute average count rate vs time for pOPAR.
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Figure 4.8: Count Rate in the presence of rOPN vs. Time

The five minute average count rate vs time for rOPN.
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bigger than I(t) on average, so I ( t+ r)  remains correlated with I(t) even when 

r  gets large. For this reason, g2(r) — 1 does not go to zero at long r.

Plots of g2(r) — 1 recorded 100 minutes into a control measurement, and 

measurements with the three concentrations of pOPAR are shown in Figure 

4.10. This figure shows the importance of a strong scattered intensity to 

the correlation function. If a sample only scatters slightly more than the 

background levels, then g2{r) — 1 is very noisy, as in the case of the highest 

concentration of pOPAR. A faster decay of the autocorrelation function results 

from smaller scattering particles. From the decay times of the functions plotted 

in Figure 4.10, we see that the particles precipitating at the highest pOPAR 

concentration are the smallest of the four, followed roughly by the control, the 

lowest concentration and the middle concentration of peptide.

Distribution Functions

From the decay of the autocorrelation functions, the computer software calcu

lates the mean hydrodynamic radius, f  of the scatterers and the distribution 

P(r) of scatterer sizes.

Figure 4.11 is a plot of the four size distribution functions for a control 

measurement at 30, 60, 90 and 120 minutes. This figure shows a well defined 

distribution of mineral précipitants spanning roughly one order of magnitude in 

radius and increasing in size over time. At 30 minutes, the distribution shows 

a mean radius of about 100 nm, growing to about 300 nm by 120 minutes. 

This figure shows that the whole population of particles grows in time as a 

group.

P(r) for 9.09 /xg/ml rOPN at 30, 60, 90 and 120 minutes is plotted in 

Figure 4.12. At 30 minutes, P(r) shows a broad size distribution, including
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Figure 4.9: rOPN Autocorrelation Functions

The intensity autocorrelation function g2{r) — 1 plots for 9.09 //g/ml rOPN at 
5, 55 and 110 minutes into the experiment.
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Figure 4.10: pOPAR Autocorrelation Functions

g2(r) — 1 for a control and the three concentrations of pOPAR, 100 minutes 
into the measurements.
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several peaks — one ranging from 20 to 200 nm with a mean of roughly 70 nm, 

a small peak at 450 nm, and another at 3500 nm. At 60 and 90 minutes, P{r) 

has similarly distributed peaks, but the peak at smaller radii becomes weaker, 

while the peak of the largest radii becomes larger. At 120 minutes, P(r) has 

a weak and relatively narrow peak centered on a radius of about 50 nm and a 

large peak at the end of the range corresponding to a radius of several microns. 

However, I(t) scales with the sixth power of radius, and the scattered intensity 

is not particularly high, so it is very unlikely that the sample actually contains 

particles > 3 microns in radius considering the results in Figure 4.8. Rather, 

the peaks at large r are likely a result of the noisy data.

P(r) for 0.67 fig/ml poly-asp is plotted in Figure 4.13 at 30, 60, 90, and 

120 minutes. At 30 minutes, P(r) is very broad, spanning more than three 

orders of magnitude in r, with an additional peak at several microns. This 

distribution becomes progressively more narrow, with an average radius of 30 

to 40 nm, as time progresses. At 120 min, P(r) has a small peak corresponding 

to sub-nanometer particles, a large peak at about 40 nm and a very broad 

peak around 2500 nm. Figure 4.6 shows that the scattered intensity at this 

concentration of poly-asp was only slightly greater than background levels, so 

g2(r) was very noisy throughout the experiment. The sub-nanometer and the 

micron peaks are likely artifacts of the noisy data.

Average Measured Radius

A more accurate way to observe the growth of the precipitate is to look at 

the mean hydrodynamic radius, f  as a function of time. Since the software 

saves f  every five minutes for the duration of the measurement, we can plot 

the average radius against time to compare growth rates and precipitate sizes



53

Figure 4.11: Size Distribution Functions for a Control Measurement

A plot of the distribution P(r)  of the radius r of the scattcrers for a control
measurement at 30, 60, 90, and 120 minutes. P(r) is scaled so that its peak
is at 1.



54

Figure 4.12: rOPN Size Distribution Functions

A plot of the distribution P(r) of the radius r  of the scattercrs for 9.09 //g/ral
of rOPN at times 30. 60, 90, and 120 minutes. P(r) is sealed so that its peak
is at 1.



Figure 4.13: Poly-asp Size Distribution Functions

A plot of the distribution P(r)  of the radius r  of the scatterers for 0.67 /¿g/ml
of poly-asp at times 30, 60, 90, and 120 minutes. P(r)  is scaled so that its
peak is at 1.
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in a straightforward way.

f  is plotted against time for the three concentrations of nOPN and a typ

ical control measurement in Figure 4.14. The lowest concentration of nOPN 

yielded the largest and fastest growing crystals, followed by the middle con

centration and the control measurement. The highest nOPN concentration 

gave virtually no precipitation or growth.

Figure 4.15 is a plot of f  against time for a typical control measurement 

and the two lowest concentrations of poly-asp. The lowest concentration re

sulted in a population of crystals statistically similar to the crystals growing 

in the control experiment, and these two runs had the fastest growing popula

tions. It does appear, however, that the two runs were becoming different at 

later times, where the crystals in the run with the lowest concentration of the 

peptide might have eventually become larger than those in the control. The 

middle concentration of poly-asp studied resulted in a population of crystals 

drastically reduced in size and growth rate compared to the control measure

ment. The greatest concentration of poly-asp had a scattered intensity close to 

background level and too noisy to allow for accurate radius measurements. A 

similar problem has been experienced by Harris et a1. [57], who observed that 

although an increase in scattering was measured, the weak scattering signal 

precluded quantitative analysis of their data.

f  is plotted against time for the two lowest concentrations of pOPAR and a 

control measurement in Figure 4.16. The lowest concentration of pOPAR had 

no measurable effect on the size or rate of growth of the crystals compared to 

the control measurement. The middle concentration studied resulted in much 

larger crystals growing at a much faster rate than the control measurement, 

while accurate radius measurements could not be obtained with the greatest 

concentration.
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f  versus finie for nOPN solutions.

Figure 4.17 is a plot of f  as a function of time for a typical control mea

surement and the two lowest concentrations of rOPN. The control experiment 

had the largest and fastest growing crystals by a wide margin. The lowest con

centration of rOPN resulted in much smaller crystals than the control, and a 

growth rate of almost zero. The middle concentration resulted in even smaller 

crystals and a growth rate very close to zero. The highest concentration did 

not allow for accurate radius measurements. While the scattered intensity was 

well above background levels, I(t) was very noisy which resulted in noisy au

tocorrelation functions and unreliable radius measurements. A possible reason 

for the noisy data in this case will be discussed in Chapter 5.
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Chapter 5 

Discussion

Dynamic light scattering is becoming an increasingly common tool in the field 

of biomineral science. Since it is responsive to scatterers on the order of 

nanometers, is completely non-invasive, and measures sizes in real time, it is 

an excellent tool for certain experiments. It has been used to measure the 

sizes of suspended particles [62,63,75], induction time, that is, the lag time 

before crystal nucleation begins [76] and protein behaviour under different 

ionic conditions [77,78]. In addition to giving the mean hydrodynamic radius, 

light scattering can provide the size distribution of the particles in real time. 

As such, dynamic light scattering can provide a meaningful assessment of 

protein-crystal interactions, particle populations, and growth rates.

Dynamic light scattering has its limitations. The calculated hydrodynamic 

radii are equal to the actual dimensions of the scatterers only if the scatterers 

are spheres, and as such, measurements on irregularly shaped objects will not 

provide information about the shapes. Light scattering also does not provide 

a direct measurement of the number of particles in solution nor can it char

acterize the precipitate. For this reason, it is common to use dynamic light



62

scattering in conjunction with other techniques including atomic force mi

croscopy, x-ray diffraction, Raman spectroscopy, scanning/transmission elec

tron microscopy or static light scattering (SLS). Nevertheless, previous studies 

using dynamic light scattering for measurements of calcium phosphate and hy

droxyapatite precipitates have demonstrated the utility of the technique.

Jiang et al. [76] used dynamic light scattering to measure the induction time 

for hydroxyapatite nucleation in the presence and absence of the biomolecule 

chondroitin sulfate. X-ray diffraction was used to verify the presence of hy

droxyapatite.

Onuma et a1. [63] initially used atomic force microscopy to image a syn

thetic hydroxyapatite crystal face and measured step heights of 0.8 and 1.6 

nm. This led to the assumption that the growth units of hydroxyapatite must 

be 0.8 nm in size. By using a modified dynamic light scattering system, they 

were able to measure stable calcium and phosphate clusters of 0.7 to 1.0 nm 

in diameter in simulated body fluid [63, 75]. Using two different solutions of 

Ca2+ and PO4-  they were able to confirm by dynamic light scattering that the 

clusters they had measured were in fact the growth units of hydroxyapatite 

and amorphous calcium phosphate (ACP). Prom their observations, Onuma 

et al. developed two models for hydroxyapatite formation [62]. The first 

postulates that ACP clusters eventually undergo internal restructuring and 

become hydroxyapatite, while the second model proposes that the amorphous 

cluster acts as a site of heterogeneous nucleation for hydroxyapatite, which 

grows over the ACP [62], This group has used SLS, transmission electron 

microscopy and Raman spectroscopy to observe a transformation from amor

phous to crystalline calcium phosphate facilitated by synthetic proteins. Using 

static light scattering, they measured the molecular weight, radius of gyration, 

and fractal dimension of the amorphous calcium phosphate in the presence or
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absence of the proteins. Specifically, they were able to conclude that a transi

tion from ACP to hydroxyapatite was accompanied by a change in molecular 

weight and fractal dimension, while the radius of gyration remained constant 

at approximately 340 nm. They confirmed this with Raman spectroscopy and 

transmission electron microscopy [79].

Heiss et a 1. [80] used dynamic light scattering to study protein mediated 

inhibition of calcium phosphate precipitation. They demonstrated that the 

protein a 2-HS glycoprotein/fetuin-A acted to inhibit the precipitation of cal

cium phosphate crystals, however at the maximum protein concentration, par

ticles 30 to 150 nm in radius still formed. Using electron microscopy and 

dynamic light scattering measurements of the protein itself, Heiss et a 1. [80] 

proposed that the protein inhibits precipitation by encapsulating itself with 

apatite growth units into a soluble complex, instead of precipitating as an 

insoluble salt.

The goal of our study was to develop dynamic light scattering as a tool to 

study protein-mediated mineral formation. As demonstrated here, dynamic 

light scattering can be used to assess the effectiveness of inhibitors of hydrox

yapatite crystallization. The results from Chapter 4 will now be discussed to 

compare the effects of each peptide on mineral nucleation and crystal growth. 

It is important to note, however, that hydroxyapatite crystals are not spher

ical, so the measured hydrodynamic radii can only be taken as an indication 

of the average particle dimensions. Although amorphous calcium phosphate is 

spherical [81], hydroxyapatite crystals are generally needle- and plate-like in 

shape [11], in bone the dimensions of which are approximately 35-40 x 10-20 x 

2.5-5 nm [12] (synthetic crystals, however, can be grown much larger [82,83]). 

The fact remains though that we have been able to measure linear growth of 

the precipitate and these results are enlightening and complementary to the
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other information determined by dynamic light scattering.

The nOPN strongly inhibited crystal growth. At 0.414 /ig/ml, the greatest 

concentration tested, the scattered intensity did not increase above the back

ground and the measured particle radius was essentially zero at all times. At 

this concentration, nOPN appears to have completely prevented nucleation, 

and there was no growth to measure. At 0.103 /ig/ml the scattering intensity 

was reduced by roughly 50% compared to the control measurement. In this 

case, the radius measurements indicated that the crystals that did form were 

larger and faster growing than in the control experiment. Since the scattered 

intensity increases vary rapidly with particle radius, the large radius and rela

tively low scattered intensity, indicates that there must be fax fewer particles 

suspended in the solution than in the control. This behaviour is likely due to 

the solution containing insufficient protein to completely inhibit nucleation. 

The small population of nuclei that did form was able to grow faster than 

in the control experiments because their smaller number meant that there 

was less competition for the free ions in solution. At 0.052 /ig/ml, a similar 

phenomenon was observed. In both cases the slope of the radius vs. time 

graph was greater than 2 nm/min, which is larger than the average growth 

rate for all the control measurements, which was 1.65 nm/min. In this case, 

however, the crystals did not grow as large or as quickly, and the scattering 

intensity was only slightly lower than the control experiment. This suggests 

that at the lowest protein concentration, some nucleation was prevented, but 

less than at 0.103 /ig/ml. As a result there were more particles nucleated, 

more competition for ions, and so smaller particles and lower growth rates.

Poly (aspartic acid) was also a strong inhibitor, with our measurements 

showing almost no increase in I ( t) at a concentration of 0.67 /ig/ml. Radius 

measurements could not be made at this concentration, but based on the low
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scattering intensity it is likely that very little nucleation occurred. At a poly

asp concentration of 0.33 pg/ml, some crystal growth was observed. Com

pared to control measurements, there was a significant decrease in I(t) and 

the hydrodynamic radii and growth rates measured at this concentration were 

well below those of the control measurements, with a measured growth rate 

of less than 1.0 nm/min. This behaviour appears consistent with previous 

work, which indicated that poly-asp binds with high affinity to hydroxyap

atite [30], rendering growth difficult for those nuclei that do form. At the 

lowest concentration of poly-asp studied, I(t) was slightly lower than the con

trol experiments, with the resulting particles having radii statistically similar 

to those in the control measurement. This suggests that a slightly smaller 

population of calcium phosphate particles than in the control experiment was 

able to be nucleated and grew with minimal restriction.

Phosphorylated OPAR also inhibited hydroxyapatite growth but required a 

concentration more than four times greater than any other proteins or peptides 

studied to achieve almost complete inhibition. pOPAR exhibited behaviour 

very similar to nOPN. At the highest concentration, pOPAR gave an almost 

constant scattered intensity only slightly higher than the background. While 

particle radii could not be determined for this experiment, the creeping in

crease in the intensity suggests that some particles were nucleating, albeit 

very slowly. At 11.1 pg/ml, the scattering intensity was reduced by approxi

mately 50% below the control, and the crystals were larger and faster growing, 

with a growth rate of greater than 2 nm/min, similar to what was observed in 

the experiments with nOPN. As with nOPN and poly-asp, the behaviour ob

served suggests that a small population of crystals nucleated and grew rapidly 

in the ion-rich solution. The lowest concentration studied had no measurable 

effect on either the scattering intensity or the radius.
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rOPN did not appear to have any effect on crystal nucleation. At 9.09 

//g/ml there was actually an increase in the scattered intensity over the 4.55 

fig/ml measurement. This behaviour can perhaps be explained by protein- 

protein interactions and protein oligomerization occurring as a result of the 

high protein concentration. OPN polymerization has in fact been observed by 

others [77]. The highest concentration of rOPN experiments were very noisy, 

which prevented accurate measurements of radii. It is possible that protein- 

protein interactions are responsible for this noise. At 4.55 /ig/ml, the scattering 

intensity was about 40% below the control measurement, with measured radii 

indicative of much smaller particles. At 1.14 /ig/ml the scattered intensity was 

only slightly lower than the control measurement, but the measured radius 

was still much smaller than in the control experiment. This is indicative of a 

large number of very small particles. Furthermore, since the calculated growth 

rates were low, less than 0.1 nm/min, but the scattering intensity was virtually 

unchanged, it appears as though rOPN binds to crystals after they nucleate 

and restricts further growth.

Figure 5.1 is a plot of the crystal growth rates from each experiment, de

termined from the slope of the radius versus time graphs shown in Chapter 4, 

plotted against concentration for each protein or peptide. In the cases where 

the crystal radii could not be measured, growth rates have been assumed to be 

zero. The black line is the average growth rate from all the control measure

ments. Figure 5.1 illustrates that the behaviour of pOPAR is different from 

that of the other three inhibitors, in that it requires far greater concentrations 

for complete inhibition of nucleation or growth. rOPN effectively restrains 

crystal growth and looks as though it might fall on a common curve with 

nOPN and poly-asp, both of which demonstrate strong inhibitory potency for 

nucleation and growth.
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A growth rate vs concentration plot comparing the growth rates for each 
centration of protein/peptide we studied.
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The concentrations required to inhibit crystal growth in our experiments 

are consistent with those found in inhibition experiments using the constant 

composition [72] and auto-titration methods described in Chapter 1 [24,44,52]. 

The results from these experiments and several others are listed in Table 5.1. 

For both the constant composition and auto-titration methods, it is common 

to record inhibitory potency in terms of the so-called IC50 value. This is 

the concentration required to achieve an inhibition of nucléation or growth of 

50% compared to the control measurement. These studies are not necessarily 

directly comparable. In three of the constant composition and auto-titration 

studies [44,52,72], inhibition of the growth of seed crystals (hydroxyapatite) in 

a calcium phosphate solution was being measured, while in the present study 

and one of the auto-titration studies [24], inhibition of particle nucléation and 

early growth was measured. It is also important to note that Azzopardi [72] 

used milk OPN, which has approximately 30 phosphorylations, while nOPN 

has 10. In two cases, [44, 52] dephosphorylated nOPN was used instead of 

rOPN, which was missing most but not all of its phosphorylations. For our 

purposes, the IC50 values will be compared with estimated values of the con

centration that would give a 50% reduction in scattering intensity for each 

protein or peptide we studied. Azzopardi [72] gives values for complete inhi

bition, so our highest concentrations are listed as well, although it is possible 

that complete inhibition could be achieved at lower concentrations.

Table 5.1 shows that our results are in reasonable agreement with other 

previous work. Our estimated IC50 values are slightly higher than those found 

by Hunter et al [44] and Goldberg et al [52] and slightly lower than those found 

by Hunter et al. [24] and Azzopardi [72] with the exception of pOPAR. In our 

case the required concentration of pOPAR was roughly six times greater than 

that found by Azzopardi [72].
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Table 5.1: Comparison with Previous Work
OPN

H g /m l
rOPN
/ig /m l

poly-asp
¿ig/m l

pOPAR
/ig /m l

[44,52] IC50 0.06 >  4 0.11 N/A
[24] IC50 0.32 N/A N/A N/A
[72] IC50 1.94 5.23 1.45 1.65

This work IC50 «  0.103 «  4.0-5.0 »  0.2 «  11.1
[72] IC 100 4.6 >  13 5.5 7.4

This work IC100 <  0.414 >  9.09 <  0.67 <  44.4

This table shows the concentrations required to achieve 50% and 100% inhibi
tion of growth of hydroxyapatite seed crystals along with the results from our 
studies.

Table 5.2: Reagent Inhibitor Qualities
Length Aspartic Phosphorylations Flexible

(amino acids) Acids
nOPN 301 42 10 yes
rOPN 301 42 0 yes

poly-asp 95 95 0 yes
pOPAR 16 11 1 yes

Characteristics of the proteins and peptides used in this study.
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A number of molecular properties believed to be associated with good 

inhibitors were discussed in Section 1.3, including the number of charged 

residues, and in particular, the number of aspartic and glutamic acid residues 

[30], the number of phosphorylations [25] and flexibility or lack of secondary 

structure [30]. These qualities are summarized in Table 5.2 for the proteins 

and peptides used in this study.

Comparing the results obtained with nOPN, which we found to strongly in

hibit hydroxyapatite nucléation, and rOPN, which was much less effective, sug

gests that phosphorylations increase the ability of OPN to inhibit nucléation. 

They do not, however, appear to be required for the prevention of growth, 

since the poly-asp peptide contains no attached phosphates and nonetheless 

was almost as potent as nOPN at inhibiting nucléation and was very good at 

slowing the growth rate of crystals that did form. However, while rOPN was 

the least effective inhibitor of nucléation, it was a very potent inhibitor of crys

tal growth after nucléation occurred. This is significant, as none of the other 

assays used in our lab have been able to demonstrate this phenomenon. In 

fact, depending on the assay system, recombinant OPN is viewed as a rather 

poor inhibitor [44], or even a protein with no inhibitory activity [46]. Finally, 

pOPAR, a representative peptide from the nOPN polypeptide sequence, re

quired about 100 times the concentration by mass, and approximately 2000 

times by molar concentration, to inhibit nucléation and growth at levels com

parable to nOPN. This suggests that length plays a critical role in the ability 

of peptides or proteins to inhibit nucléation. nOPN has 301 residues, while 

the synthetic pOPAR contains only 16. While they are both highly negatively 

charged and include phosphorylations and aspartic acids, pOPAR is much less 

potent than nOPN. The primary difference between them is their length. As 

discussed in [72] and Section 1.3.1, a long and flexible protein could prevent nu-
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cleation by enveloping a sub-critical nucleus, and preventing it from achieving 

the critical radius.

The highest concentrations of nOPN, poly-asp and pOPAR succeeded in 

inhibiting virtually all precipitation of calcium phosphate. Lower concentra

tions of these proteins and peptides and of rOPN appeared to alter the number 

and growth rates of the crystals that did precipitate. Characterization of the 

precipitate using additional experimental techniques would lead to a better 

understanding of the shapes and composition of our precipitates. In our ex

periments, however, visible product never precipitated out of solution, even 

after two months, which renders Raman or x-ray diffraction characterization 

difficult. Other techniques, such as electron microscopy, would require signif

icant sample manipulations which could cause changes to the nature of the 

calcium phosphate precipitate. For example, ACP could be transformed into 

mineral crystal during the processing of the samples. On the other hand, 

static light scattering can provide information regarding the shapes of the 

particles [68], and estimates of the molecular weights, fractal dimensions, and 

radius of gyration [79]. It is possible to do such measurements with our light 

scattering system, although they may be difficult due to the small size of the 

particles and the fact that they are growing over time.

Static light scattering involves measuring the time averaged scattered in

tensity as a function of q. This is difficult when the system being studied 

is changing rapidly with time. Especially in the first 30 minutes of our ex

periments, the scattered intensity increased rapidly with time. Performing 

time-resolved measurements of the intensity at a sufficient number of scatter

ing angles in this system would be very difficult. Onuma et a 1. [62] overcame 

this difficulty by focusing an ellipsoidal mirror onto a high-speed CCD camera 

in such a way that they could measure the intensity at angles from 10° to 170°
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virtually simultaneously, with an angular resolution of 0.6°. With this system 

they were able to perform time resolved static light scattering measurements 

on a rapidly evolving system. Although it would likely be difficult, trying to 

do SLS measurements on our system could be worthwhile.

In summary, nOPN, poly-asp and pOPAR have been demonstrated to be 

effective inhibitors of hydroxyapatite nucleation, albeit at much different con

centrations. rOPN has been shown to strongly restrict crystal growth after 

nucleation has occurred. The results of this study suggest that phosphory

lations on osteopontin are an important contributor to nucleation inhibitor 

potency, but they are not necessarily essential for affecting growth. It ap

pears that length may also be an important factor in the ability of a protein 

or peptide to inhibit nucleation. We have also demonstrated that dynamic 

light scattering provides a fast and reliable method of assessing inhibitory po

tency and provides information that is not readily available by other means, 

including growth rates and crystal sizes in real time. While characterization of 

the precipitation product, or determination of the shape of the precipitating 

crystals was beyond the scope of this project, these are issues that could be 

addressed in future work.
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Chapter 6

Conclusions and Future 
Directions

6.1 Conclusions

Dynamic light scattering provides a wealth of information. Beyond simply 

measuring particle radii, it is possible to determine growth rates, to estimate 

relative population sizes, and to make informed guesses about protein-crystal 

interactions. Until this work, rOPN has been widely regarded as a poor in

hibitor. While we have demonstrated that rOPN plays no significant role in 

the inhibition of the initial nucleation of mineral crystals, it appears to be a 

potent inhibitor of subsequent crystal growth, decreasing particle growth rates 

almost to zero.

We found that radius measurements alone can be misleading. In some of 

our experiments, the radius measurements and growth rates would appear to 

indicate that the protein or peptide actually encouraged precipitate growth. 

Conversely, looking at the radius measurements alone would make rOPN ap
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pear to be the best inhibitor. When the average scattered intensity is con

sidered as well, though, the interpretation of the behaviour of these solutions 

becomes much different. The radius measurements alone would suggest that 

small populations of particles formed stable nuclei and quickly grew in the 

ion-rich environment, while in the case of rOPN, it appears that large popula

tions of particles nucleated, but were then severely restricted in their growth. 

This behaviour of rOPN may serve a purpose similar to what Heiss et a 1. [80] 

have proposed for a 2-HS glycoprotein/fetuin-A. They suggested that a 2-HS 

glycoprotein/fetuin-A binds and encases itself in hydroxyapatite growth clus

ters, keeping the mineral soluble so that the body can flush it away before it 

precipitates. Perhaps rOPN serves a similar function, binding apatite before 

it precipitates, preventing it from depositing and providing the body with an 

opportunity to flush it away.

The results we obtained in this work using dynamic light scattering are, in 

general, in line with previous studies. Furthermore, we have demonstrated that 

rOPN is a potent inhibitor of crystal growth, which was not known previously. 

While we have successfully confirmed a broad and potentially powerful role for 

dynamic light scattering in biomineralization science with regards to assessing 

protein interactions with crystals, we have also revealed a number of questions 

that could be addressed in future work.

6.2 Future Directions

The two proteins and two peptides used in this experiment were useful in 

demonstrating the utility and effectiveness of dynamic light scattering in as

sessing the potency of inhibitor proteins on hydroxyapatite growth. The dif

ferences between the four molecules are too numerous to allow any claims as to
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which properties are necessary for a good inhibitor, however. While it does ap

pear that a longer peptide with attached phosphates would be optimal, there 

are distinct advantages to using smaller peptides in generating therapeutics 

for the prevention of pathological calcification. It would therefore be useful to 

investigate several different properties in greater detail, including the role of 

peptide length in the inhibition process, the role of secondary structure, and 

the quantity and distribution of specific acidic residues in proteins. Atomic 

force microscopy measurements have shown that ions such as Mg2+ and Zn2+ 

inhibit the growth of larger hydroxyapatite crystal faces by adsorbing to kink 

sites [84], while other ions such as F_ and Pb2+ readily incorporate themselves 

into the crystal structure of bone [12,29]. Since true bone actually contains a 

number of elemental impurities, it would be relevant to study hydroxyapatite 

growth in the presence of ionic impurities to determine their effects on growth 

rates and nucleation.

Tarasevich et a 1. [85] have demonstrated the ability of amelogenin to en

hance calcium phosphate nucleation by measuring nucleation induction time 

with a quartz crystal microbalance, while Jiang et a1. [76] used dynamic light 

scattering to measure the nucleation induction time of chondroitin sulfate. It 

would be enlightening to apply our system to potential nucleators of hydrox

yapatite growth. Bone sialoprotein has been shown to be a potent nucleator of 

hydroxyapatite [22] , and it would be of great interest to observe that behaviour 

with dynamic light scattering.

Finally, there are several drawbacks of dynamic light scattering that could 

be at least partially addressed by establishing a static light scattering protocol 

as well. Perhaps after the first thirty minutes of rapidly increasing scattered 

intensity, it would be possible to make several brief measurements at different 

scattering vectors in a period of several minutes. Such a protocol would require



optimization, but it could be possible to establish estimates for the shapes of 

the particles. In doing so, it might then be possible to distinguish between 

amorphous and crystal calcium phosphate.

76
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