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Bone is an interpenetrating inorganic/organic composite that consists of mineralized 

collagen fibrils, which is hierarchically organized into various structures.  The structure of 

mineralized collagen fibril, in which nano-crystals of hydroxyapatite are embedded within the 

collagen fibrils, provides remarkable mechanical and bio-resorptive properties.  Therefore, there 

have been many attempts to produce collagen-hydroxyapatite composites having a bone-like 

structure.  However, duplication of even the most fundamental level of bone structure has not 

been easily achieved by conventional nucleation and growth techniques, which are based on the 

most widely accepted hypothesis of bone mineralization.   

In nature, the collagen fibril is mineralized via intrafibrillar mineralization, which produces 

preferentially oriented hydroxyapatite nano-crystals occupying the interstices in collagen fibrils.  

Our group has demonstrated that intrafibrillar mineralization can be achieved by using a new 

method based on the Polymer-Induced Liquid-Precursor (PILP) mineralization process.  In the 

PILP process, a poly-anionic additive can produce an amorphous calcium phosphate precursor 

which enables us to achieve intrafibrillar mineralization of collagen.  It is thought that the 

precursor is pulled into the interstices of the collagen fibrils via capillary forces, and upon 

solidification and crystallization of the precursor produces an interpenetrating composite with the 

nanostructured architecture of bone.  
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In this dissertation, to demonstrate the effectiveness of the PILP process on the 

intrafibrillar mineralization of collagen fibril, various collagen scaffolds, such as turkey tendon, 

bovine tendon and synthetic collagen sponge, were mineralized by the PILP process.  Various 

poly-aspartates with different molecular weight were also used for the optimization of the PILP 

process for the mineralization of the collagen scaffolds.  With the systematic researches, we 

discovered that the molecular weight of poly-aspartic acid affects the degree of intrafibrillar 

mineralization of collagen scaffolds.  High molecular weight poly-aspartic acid could produce a 

stable and dispersed amorphous precursor, leading to a high degree of intrafibrillar 

mineralization.  The mineral content of the collagen sponge mineralized using high molecular 

weight poly-aspartic acid was equivalent to the mineral content of bone.  According to X-ray 

diffraction analysis of the mineralized collagen, the size and composition of the intrafibrillar 

hydroxyapatite produced by the PILP process were almost identical to carbonated hydroxyapatite 

in bone.  The selective area electron diffraction patterns indicated that the [001] direction of 

hydroxyapatite is roughly aligned along the c-axis of collagen fibril, leading to the formation 002 

arcs.  Using dark field imaging, it was possible to visualize the preferentially oriented 

hydroxyapatite in TEM.  Thermal analysis of mineralized collagen also showed a reduction in 

the thermal stability of collagen, which is similar to that observed in the collagen in bone, due to 

the presence of intrafibrillar hydroxyapatite.  

Now, we confidently suggest that the PILP process can provide a new way to develop 

synthetic bone-like composites whose nano-structure is very close to the nano-structure of 

natural bone.  Moreover, we hope that our successful intrafibrillar mineralization of collagen via 

the precursor mechanism revives discussion of hypothesis of bone mineralization via the 

amorphous calcium phosphate phase.  
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CHAPTER 1 
INTRODUCTION 

As a society has modernized and technologies of medical cares have evolved, the desire to 

live a longer and healthier life has increased.  Therefore, there has been high demand for new 

synthetic organs for transplantation [1, 2].  In particular, bone substitutes have been gathering the 

interest of researchers in various areas because bone is one of the most frequently damaged 

organs in humans [3, 4].  According to statistical research, about 6.3 million fractures were 

reported in the United States of America every year, and about 9 percent of those patients 

suffered needed some kind of bone graft [5].  The fracture of the hip is the most common 

fracture in the United States, and the surgery of hip replacement had been performed about 

152,000 times in the year 2000, and the number of operations for hip replacement is expected to 

be 272,000 cases in 2030 [6].  In the case of sales of bone grafts, the market of bone grafts was 

estimated to be about 1.6 billion US dollar in 2002, and continuous increase of bone graft market 

is now expected [4, 7].  Therefore, comprehensive research about bone substitutes, in which 

researchers with various backgrounds should be incorporated, has been required to satisfy the 

demands from patients and medical service providers.       

Bone is the major framework of vertebrate species which supports and protects the internal 

organs [8-10].  Besides its function of physical support and protection, bone plays the pivotal 

role of maintaining the concentration of inorganic ions, such as calcium and phosphate, through 

the continuous resorption and reconstruction of bone [11, 12].  For the physical protection of 

organs or support of body, bone must have remarkable mechanical properties, such as high 

tensile and compressive strength, ductility and high toughness [13, 14].  The density of bone, as a 

framework, is also required to be relatively low for high performance of the human body against 

gravity.  As a reservoir of inorganic ions, bone should be resorptive by metabolism even though 
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bone contains the thermodynamically stable mineral phase of carbonated hydroxyapatite, in 

which carbonate partially substitutes for the phosphate group in hydroxyapatite crystal [15].  

Those unique properties of bone, such as low density, high toughness, high mechanical strength 

and bioresorbability, are thought to be associated with the nanostructured architecture of bone 

[15].              

The major components of bone can be categorized into three parts; i) inorganic mineral, ii) 

organic phases including extracellular matrix (collagen), non-collagenous proteins and cells, and 

iii) water [13, 16-19].  Those three parts are precisely engineered to achieve the required 

properties of bone.  The basic building block of bone is a mineralized collagen fibril [10].  

Collagen fibrils are mineralized with carbonated hydroxyapatite plates which are embedded in 

the collagen fibril and roughly [001] aligned with uniaxial direction along the long axis of fibril 

[20-22].  Hydroxyapatite platelets are interconnected with collagen molecules via chemical 

bonding through non-collagenous proteins [23, 24].  This basic building block of bone, a 

mineralized collagen fibril, is precisely assembled into higher levels of structure, such as 

concentric lamellae or plywood-like lamellae, with hierarchy to achieve the unique mechanical 

and chemical properties of bone [11].  The hierarchy of bone could be explained by the way that 

sub-structures of bone are organized into the final structure [10, 11, 25].  The mineralized 

collagen fibrils are assembled into collagen fiber bundles with uniaxial orientation, and collagen 

fibers are arranged into the layer by layer structure in parallel orientation.  The lamellae of 

mineralized collagen fibers are also organized into a cylindrical structure called an osteon in 

which a nerve system is penetrating.  The osteonal bone with concentric layer-by-layer structure 

is arranged into two types of bone: compact bone with densely packed osteonal bone and 

trabecullar bone with porous structure.   
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From a materials science standpoint, the basic building block of bone could be simply 

considered as a ceramic-reinforced polymer composite or polymer-reinforced ceramic composite 

[26].  Ceramic substances in a polymer matrix can increase the modulus and mechanical strength 

because ceramic materials normally are stiffer and have higher mechanical strength than that of 

the polymer matrix, and the numerous nanocrystals help to prevent crack propagation by 

deflecting the path of crack growth [27].  In the case of polymer matrix, polymer can provide 

ductility and resilience to a ceramic-reinforced polymer composite for high toughness [23, 28].  

By using a composite, one may also reduce the density of materials due to the combination of 

light and heavy substances, in comparison to the material consisting of only ceramic components.  

In the macroscopic aspect of bone structure, the layer-by-layer structure of bone also can 

increase the mechanical strength [29].  The lamellae consist of bundles of parallel collagen fibers 

in discrete layers in which the orientation of collagen fiber in each layer is gradually changed, 

presumably due to the cholesteric nature of collagen [30].  The structure of bone lamellae is 

analogous to the plywood structure, which shows a remarkable mechanical strength in 

comparison to the monolithic wood plate [31].   

The size of the carbonated hydroxyapatite nano-crystals embedded in the narrow space 

within collagen fibrils is also an important factor for the resorptive property of bone.  The nano-

scaled hydroxyapatite increases the surface area of the mineral phase.  The increased surface area 

of nano-sized crystal, as well as lattice impurities and imperfections, could enhance the chemical 

reactivity of crystals and make bone easier to be resorbed by acids or enzymes, even though 

hydroxyapatite is the most stable mineral phase in the calcium phosphate mineral systems [15, 

18, 32].   
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As briefly explained in the previous paragraphs, bone is an organ which is damaged 

frequently and often requires grafts to aid in the healing process.  It is also a multifunctional 

organ in which various organic substances and inorganic minerals are intricately interlocked and 

arranged to accomplish the desired functions.  Therefore, the development of bone substitutes 

has become a difficult but attractive challenge for many researchers.  When bone is considered as 

a nano-engineered composite material, however, the approach from the point of view of 

materials science could make it easier to develop bone substitutes.  From a biological standpoint, 

the autograft, which is defined as bone tissue extracted from the patient, is considered as the gold 

standard of bone substitution [33].  However, because autografts have several disadvantages, 

such as limited amount of bone graft material which can be extracted and additional surgery for 

the graft extraction, alternative methods for bone substitution are required [3].  On the other hand, 

from a materials science stand point, synthetic bone grafts could be potential candidates for 

replacing autografts because synthetic bone grafts do not necessarily have size limitations, and 

they can reduce the risk of transferring infectious diseases from the donor [4, 7, 34, 35].   

The development of synthetic bone grafts has been continuously investigated for decades 

[35, 36].  The evolution of synthetic bone grafts can be divided into three generations depending 

on the development of materials [4].  The first generation of bone grafts are composed of non-

toxic metal or ceramic materials such as titanium, stainless steel and alumina.  The bone grafts of 

the first generation provide mechanical support or bridge a void between fractured bone parts as 

a form of pin, plate or bulk, but they seldom provide a reactive surface which can make direct 

bonding with new bone, with the exception of some pure or surface-modified titanium or 

titanium alloys [37, 38].  Therefore, the first generation bone grafts are often considered as a 

synthetic bioinert material.  After 1970, many researchers began to investigate surface active 
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materials, such as hydroxyapatite, collagen, and bioglass, which provide suitable surface 

conditions for osteoconduction, the proliferation of bone forming cells under physiological 

conditions [39-41].  Some bioresorbable materials, which dissolve after implantation as new 

bone is growing, are also used as second generation of bone grafts [42].  However, because the 

mechanical and chemical properties of the first and second generation bone grafts are not 

matched with those of bone, they can cause several severe problems, such as a bone resorption 

by the stress shielding effect, detachment of the implant, and an immunological response by 

being recognized as a foreign material [43, 44].  Therefore, new types of third generation bone 

grafts have recently been developed.  Various composites with non-toxic polymers and ceramics 

or metals are good examples of the third generation bone grafts [4, 45], in which they provide 

various bioactive and bioinert materials together to mimic bone properties [4].  However, 

composites of combinations of polymers, ceramics or metals, such as hydroxyapatite/titanium, 

hydroxyapatite/polycaprolactone and hydroxyapatite/chitosan, still have similar problems to 

those of the first and second generation bone grafts such as the stress shielding effect causing 

detachment of implant and uncontrolled-dissolution of implant [43, 46-48].  Therefore, there 

have been continuing attempts to make composites having a bone-like structure with collagen 

and hydroxyapatite, which are major components of natural bone [49-56]. 

Bone, as described previously, is a hierarchical composite with nanostructured architecture 

[10, 57].  Although bone could be simply considered as a polymer/ceramic composite from a 

view of materials science, it is still difficult to duplicate bone’s structure or fabricate synthetic 

bone by the simple fabrication methods that have frequently been used in materials science area 

because bone formation is precisely controlled by the living cells, such as osteoclast and 

osteoblast.  Therefore, various techniques have been investigated to duplicate the bone structure, 
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which is considered to provide the remarkable physical and chemical properties of bone.  

Unfortunately, various trials with the conventional approaches for the fabrication of nano-

composites have not been successful at mimicking the fundamental structure of bone: collagen 

fibrils with intrafibrillar mineral [15, 45].  The conventional approaches to 

hydroxyapatite/collagen composites are to initiate the nucleation of hydroxyapatite on the 

collagen substrate placed in a mineralization solution, such as a simulated body fluid (SBF) or 

modified SBF [58-60].  Although the conventional methods are useful to coat the collagen 

substrate with hydroxyapatite, intrafibrillar mineralization, in which hydroxyapatite plates are 

embedded in the collagen fibril, could not be achieved.  Therefore, biomimetic approaches have 

been highlighted as an alternative method for the intrafibrillar mineralization.   

Biomimetics is the study of mimicking, adapting or specializing the design, mechanism 

and function of biological substances to develop novel technologies [61].  Biomineralization is 

one of the branches of biomimetics in which various biominerals, such as calcium carbonate and 

silicon oxide in marine species or calcium phosphate in bone or tooth, are investigated to 

determine how their unique architectures or morphologies are originated or achieved [62, 63].  In 

biomineralization research, it is worthwhile to study the function of the organic components of 

natural biominerals, which are insoluble organic matrix and water-soluble acidic proteins [64-68].  

The insoluble organic component is thought to template or to provide compartments for the 

growth of biominerals, and water-soluble proteins are thought to control the crystal growth by 

inhibition of crystal growth or alteration of the rate of crystal growth in specific crystallographic 

directions [69].  Here, we concentrate on the function of acidic soluble proteins for the 

fabrication of synthetic bone graft.   
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Gower discovered that the addition of acidic polymers, such as polyacrylic acid or 

polyaspartic acid, to a mineralization solution, can induce or stabilize the amorphous precursor 

of calcium carbonate, and the process of adding acidic polymers as a process-directing agent was 

named the PILP (Polymer-Induced-Liquid-Precursor) process [70, 71].  With the PILP process, it 

is possible to form a fluidic amorphous precursor for calcium carbonate, and it is observed that 

fluidic precursors are agglomerated into various morphologies, such as a film, fiber or core-shell, 

depending on the substrates or organic matrix, which then crystallize into crystalline phases such 

as calcite or aragonite [72-74].  In the case of the calcium phosphate system, it has previously 

been shown by our group the possibility of mimicking bone structure with the PILP process [15, 

26].   

In this dissertation, I will show how the amorphous precursor phase generated via the PILP 

process causes intrafibrillar mineralization of collagen, how the process can be optimized for the 

fabrication of bone grafts with various collagen scaffolds.  Chapter two contains the background 

information of bone structure, bone formation, and the biomimetic approach called the PILP 

process to achieve intrafibrillar mineralization.  In chapter three, an enzyme-aided PILP process 

is introduced for the intrafibrillar mineralization of a collagen sponge, and the advantages and 

disadvantages of enzyme-aided PILP are discussed.  Chapter four describes the mineralization of 

tendon with densely packed collagen fibers having a parallel arrangement similar to lamellar 

bone.  The effect of molecular weights of the polymer additives on the optimization of the 

intrafibrillar mineralization is the main topic of the chapter four.  In chapter five, intrafibrillar 

mineralization of synthetic collagen sponges is discussed, and optimization of such intrafibrillar 

mineralization is investigated by controlling the molecular weight of polymer additive or tris-
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buffer treatment of collagen sponge.  Chapter six shows the electrostatic character of the 

precursor, which may play an important role in the intrafibrillar mineralization of collagen fibril.    
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CHAPTER 2 
BACKGROUNDS 

Bone: From a Structural Standpoint 

As previously discussed in the Chapter 1, bone has a nanostructural architecture which is 

thought to be associated with the high performance of bone, such as its remarkable mechanical 

strength, high toughness and bioresorptive properties [11, 15, 75].  Therefore, the structure of 

bone and structural factors, such as collagen fibrils and their arrangement with hydroxyapatite 

crystals and their alignment, must be understood to develop new bone grafts having the 

fundamental nanostructure of bone.  Bone can be categorized into two types, according to the 

stages of bone formation [76].  Primary bone is simply considered as an early stage of bone 

which is formed in soft cartilage tissue where bone had not previously existed [15].  The rate of 

primary bone formation is relatively fast and the structure of bone is very loosely organized in 

the form of a woven structure, and the mineralization of hydroxyapatite is not considered to be 

governed by the collagen [15, 76, 77].  Primary bone is gradually replaced by secondary bone via 

a remodeling process done by osteoclast and osteoblast cells [78].  During the remodeling 

process, the structure of bone is reorganized with the ordered structure we are interested in.  

Therefore, the structure and the structural factors of secondary bone are now discussed.      

Components of Bone  

Bone is composed of major three components; inorganic phase, various organic phases and 

water [10, 79, 80].  The weight contents of each component are shown in Table 2-1 [4].  Among 

those components, it is worthwhile to discuss collagen and hydroxyapatite, which occupy about 

80 wt % of the bio-composite, to investigate the structural characteristics of secondary bone.       
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Collagen 

Collagen is one of the most abundant proteins within vertebrates, and it is the main 

extracellular matrix providing the basic organic framework of bone [81].  Up to now, more than 

27 types of collagens are identified, but only a few of them form fiber conformations.  More than 

90% of fibrous proteins found in nature are type I collagen, which is also the type of collagen 

that is the main organic portion of bone [82].  As shown in Figure 2-1, collagen molecules, called 

tropocollagen, are composed of two α1 and one α2 polypeptide chains with a (Gly-x-y)n 

sequence [81].  These three polypeptide chains are self-assembled into tropocollagen with triple-

helical structure via hydrophobic, electrostatic, and hydrogen bonding interactions [83-86].  

During fibrillogenesis, C- and N-propeptides at the end of the individual molecules are cleaved 

by enzymes, and telopeptides, which are short non-triple-helix amino acid chains at the end of 

tropocollagen, are exposed [85].  Then, as shown in Figure 2-2, five tropocollagen molecules are 

self-assembled into a quarter-staggered arrangement, which was proposed by Hodge and 

Petruska [87, 88],, creating 67 nm of axial periodicity [85, 86, 89].  The collagen molecules are 

then cross-linked by enzymatically oxidized lysyl residues in the telopeptides.  This very unique 

periodic arrangement of collagen molecules leads to the formation of gap zones, which is 

considered an important structural factor of the collagen fibril in the intrafibrillar mineralization 

via the PILP process [90].  The repetitive nature of the gap zones generates the periodic banding 

patterns seen in transmittance electron microscope (TEM) micrographs of collagen fibrils [81].  

Collagen fibers are formed via the assembly of  collagen fibrils, and vary in diameter from 1 to 

20 µm [4].    

The macro-mechanical property of collagen fibers ranges from 1 to 8 GPa (Young’s 

modulus), and collagen provides elasticity and resilience leading to high fracture toughness [91-

93].  Recently, a new micromechanical test method with atomic force microscopy has been 
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introduced to measure the Young’s modulus of single collagen fibrils, and the reported value was 

1.4 ± 0.3 GPa [94].  Although there are some deviations between macro- and micromechanical 

properties, the function of collagen fibers with respect to the mechanical properties of bone is 

considered important for providing the ductility and toughness of the composite.  Besides the 

function of collagen fibrils as a structural organic framework, collagen polypeptides with 

specific sequence of amino acids provide a specific site for osteoblast cell adhesion [95].  It is 

thought that the amino acid sequence Arg-Gly-Asp (RGD; arginine-glycine-aspartic acid) in 

collagen can induce the osteoblast cell attachment through binding with integrin, which is a cell 

surface receptor [96-98].  

Hydroxyapatite 

Hydroxyapatite is one of the calcium phosphate minerals, and its chemical formula is 

Ca10(PO4)6(OH)2.  The crystal system of hydroxyapatite is hexagonal and its space group is 

P63/m [99-101].  In the case of hydroxyapatite in bone, hydroxyapatite has structural defects 

such as calcium deficiency, and sodium, carbonate and magnesium impurities.  Therefore, 

hydroxyapatite in bone is considered a non-stoichiometric hydroxyapatite whose chemical 

formula can more accurately be written as Ca10-x(PO4)6-y(HPO4)y(CO3)(OH)2-x  (x = amount of 

Mg, Na or vacancy, y = around 0.7) [102].  

Weiner et al. [11, 21, 103] observed mineralized collagen fibrils from bone with TEM, and 

suggested that plate-like hydroxyapatite crystals are well-aligned and stacking in the collagen 

fibrils with deck-of-cards structure.  More recent direct observations of bone hydroxyapatite with 

AFM also confirmed that hydroxyapatite extracted from young bovine bone has a plate-like 

crystal habit (in the older literature, the morphology was often described as needle-like).  The 

size of the non-stoichiometric hydroxyapatite reported has varied, with ranges from 10 -50 nm in 

the length, 6-30 nm in the width, and 0.7 – 10 nm in thickness, depending partially on the sample 
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preparation and mostly on types of bone, maturation and species [104-106].  This nano-scaled 

hydroxyapatite is chemically active due to the large surface area and various defects, even 

though hydroxyapatite is thermodynamically stable [15, 18].  Therefore, non-stoichiometric bone 

hydroxyapatite can be dissolved by metabolic pathways to maintain the appropriate ion balance 

in the body.   

Structure of Secondary Bone 

The macroscopic structure of bone is varied depending on the type, age and species from 

which the bone is extracted [107].  Even though it is an ultimate goal to fabricate bone grafts 

whose nano, micro and macro-structures are almost identical to the structure of real bone, the 

engineering of the higher levels of the bone hierarchy is beyond the objective of this dissertation.  

Therefore, it is worthwhile to understand the nanostructure  of bone (the nano-structure), before 

attempting to fabricate a synthetic bone graft, because this fundamental building block of bone is 

basically identical in various types of bone [10, 11].     

Weiner et al. [10] divided the hierarchy of bone into 7 levels, as shown in Figure 2-3.  The 

whole bone (level 7) is composed of compact bone and spongy bone (level 6).  Osteonal bone is 

composed of compact bone and spongy bone arranged as a hollow structural element.  In 

compact bone, osteonal bone is very densely packed with a desired arrangement to endure tensile 

and compressive stress.  On the other hand, spongy bone is loosely packed osteonal bone, and it 

has optimal structure to tolerate the compressive stress while reducing the weight of bone.  

Osteonal bone is composed of mineralized collagens which are precisely aligned into desired 

structure, such as parallel, woven-like (random), radial and plywood-like array, to construct the 

concentric lamellae of osteonal bone (level 4).  As described previously, the basic building block, 

consisting of a mineralized collagen fibril (level 2), is the same in the structure of all secondary 

bone.  Mineralized collagen fibrils, in which hydroxyapatite (level 1) plates are embedded 
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between tropocollagens within the collagen fibril (level 1), is formed by the intrafibrillar 

mineralization.  As shown in Figure 2-4, during intrafibrillar mineralization, hydroxyapatite was 

observed to form first within the gap zone first, and it grows or fills the space between 

tropocollagen molecules and grooves formed by the quarter-stagger arrangement of 

tropocollagens as the collagen becomes fully mineralized [90, 108].  

Intrafibrillar hydroxyapatite in bone has an interesting structural feature in that the 

crystallographic orientation of hydroxyapatite is aligned along the c-axis of the collagen fibril.  

The [001] direction of hydroxyapatite in bone is roughly aligned along the c-axis of collagen 

fibrils leading to the (002) and (004) set of arcs in selected area electron diffraction (SAED) 

patterns of bone (Figure 2-5 A) [15, 104].  Traub et al. [104]  also investigated the uniaxial 

crystallographic orientation of hydroxyapatite in bone and suggested the deck-of-card structure 

of a mineralized collagen fibril (Figure 2-5 B).  However, our group has argued that for the case 

of a deck-of-card arrangement of hydroxyapatite, the (112), (211), (310) and (300) planes can 

not all diffract the incident electron beam from the same direction at the same time because the 

beam is diffracted by the planes which are almost parallel to the incident beam direction [15, 

109].  For example, when the orientation of the incident beam is [110], (112) and (002) planes 

can diffract the incident beam because the planes are parallel to the incident beam ([110] · (002) 

= 0, direction of plane is perpendicular to plane surface).  By comparison, the dot product 

between [1 10] and (211), (310) and (300) is not zero, indicating these planes are not parallel to 

the incident beam direction when the incident beam is diffracted by (002) and (112) at the same 

time.  Therefore, the c-axis of hydroxyapatite plates should be oriented along the long axis of the 

collagen fibril, as shown in Figure 2-5 B, with some tilting disorder, as seen by the arcing of the 

(002) spots.  But, hydroxyapatite plate also has some rotational disorder along a or b direction, 
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which is not coincident with the illustration of the arrangement of hydroxyapatite plates in figure 

2-5 B.   

Besides the intrafibrillar hydroxyapatite in bone, there is another type of hydroxyapatite in 

bone.  Ge et al. [110] investigated the skeleton of zebrafish with TEM and AFM, and they 

discovered that the mineralized collagen fibrils were thicker than collagen fibrils whose 

hydroxyapatite was removed by formic acid due to the interfibrillar hydroxyapatite crystals 

which occupied the space between collagen fibrils.  As shown in Figure 2-6 A, the diameter of 

the decalcified collagen fibril is around 83 nm, and space that was thought to have been occupied 

by the interfibrillar hydroxyapatite crystals was also observed between collagen fibrils.  In the 

case of untreated zebrafish bone (Figure 2-6 B), the average diameter of mineralized collagen 

fibrils was 151 ± 13.5 nm, which is larger than the diameter of decalcified collagen fibril, and 

this observation is consistent with the result from high resolution TEM (Figure 2-6 C), in which 

the diameter of mineralized collagen was around 145 nm, as illustrated in the schematic diagram.  

The increase in the diameter of mineralized collagen is because the surface hydroxyapatite 

(interfibrillar hydroxyapatite), which fills the space (white arrow) between collagen fibrils, 

makes mineralized collagen look thicker.  Moreover, interfibrillar hydroxyapatite seems to act as 

an adhesive between the mineralized collagen fibrils to form fully mineralized collagen fibers.  

The formation of interfibrillar hydroxyapatite is also thought to be closely associated with 

collagen fibrils or non-collagenous proteins because the morphology of hydroxyapatite is 

different from hydroxyapatite clusters precipitated from supersaturated calcium and phosphate 

solution without organic phases.  This will be discussed in the later section of Chapter 2.  

Mechanism of Bone Formation 

Although the mechanism of bone formation has been studied for many decades, various 

mechanisms of bone formation are still being debated.  Because bone is formed by the metabolic 



 

31 

reaction of various cells, and in situ observation of bone formation at the nano-scale is almost 

impossible, even with highly developed observation techniques, the exact mechanism of bone 

formation is unclear.  Therefore, various approaches from in vitro model systems might give us a 

better chance to clarify the mechanism of bone formation (i.e., the materials chemistry aspects).   

Bone Formation: From a Biological Standpoint  

There are many types of bone, such as flat bone (skull and scapula) and long bone (tibia, 

femur), and they are identified by the development mechanisms of bone: intramembranous and 

endochondral bone development [107].  In the case of intramembranous ossification, 

mesenchymal cells are condensed and differentiated into osteoblast directly, and the cells form 

the woven bone which is later remodeled into lamellar bone [111].  On the other hand, in 

endochondral bone development, mesenchymal cells are differentiated into chondroblasts which 

form cartilaginous matrix which subsequently becomes ossified [111, 112].  The common feature 

of these two types of bone development is that the final structure of each type of bone is formed 

and maintained by a remodeling process [107].  For instance, in the case of endochondral 

ossification for long bone, the layer of cartilage called epiphyseal cartilage grows in the 

longitudinal direction and is gradually calcified as a form of primary bone.  Then, primary bone 

is replaced with the optimal structure by a remodeling process in which various proteins 

(collagen and and non-collagenous proteins)and cells, such as osteocyte, osteoclast, osteoblast,  

are involved [15, 113].  In the case of primary bone, hydroxyapatite is formed in a proteoglycan 

matrix as a spheric cluster, and crystals are deposited around the collagen fibrils throughout the 

ground substance, which is the amorphous organic substance in connective tissues containing 

water, proteoglycans, and glycosaminoglycans [76, 114, 115].  In contrast to secondary bone, 

collagen in cartilage, whose diameter is somewhat smaller than that of the collagen fibrils found 

in bone, does not appear to direct the mineralization process [15].      
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In secondary bone formation, primary bone is replaced with secondary bone having a more 

optimal structure by the remodeling process.  Three cellular reactions, such as activation, 

resorption and formation, are involved in remodeling and the activities of cells, such as osteocyte 

osteoclast and osteoblast, which are responsible for the each reaction, are correlated without time 

intervals between reactions [116-118].  During activation process, pre-osteoclasts, which are 

mononuclear cells, are activated by the signals from osteocytes, bone marrow cells, possibly in 

response to deformation of bone [112].  Pre-osteoclasts attach to the bone surface via integrins 

and are fused into an osteoclast.  Osteoclast is multinucleated cell containing about 4 to 20 

nuclei, and are responsible for the bone resorption process [119, 120].  The bone resorption 

process begins with the attachment of an osteoclast on calcified bone surface via transmembrane 

adhesion receptors called integrin which can recognize specific RGD amino acid sequences at 

the surface of the bone matrix [120].  After attachment of the osteoclasts, bone encapsulated by 

the sealing zone is dissolved by the acidification and proteolysis of the bone.  In osteoclasts, type 

II carbonic anhydrase produces hydrogen ions from the reaction between carbon dioxide and 

water by enzymatic reaction, and hydrogen ions are delivered into a resorptive pit via the ruffled 

border membrane by vacuolar H+-ATPase (Figure 2-7) [119, 121, 122].  Hydrogen ions localized 

at the resorptive pit decreases the pH, and dissolves hydroxyapatite crystals.  In addition to 

hydrogen ions for acidification, enzymes such as cathepsin K or collagenase are also released 

from osteoclast to digest collagen matrix [123].  In the case of the formation process, the 

osteoblast is responsible for the production of collagen and ground substance [124].  Osteoblasts 

are differentiated from pre-osteoblasts which originate from mesenchymal stem cells [112].  At 

the early stage of bone formation in the remodeling process, osteoblast rapidly produces collagen 

which forms a thick osteoid seam consisting of type-I collagen and ground substances, such as 
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chondroitin sulfate and osteocalcin [111, 125-127].  In the case of the deposition of mineral 

phase, the mechanism of hydroxyapatite formation is still not clarified.  However, the ionic 

concentration of calcium and phosphate must be increased locally to trigger the formation of 

hydroxyapatite.  Various potential candidates that are thought to accumulate the ionic 

components have been suggested.  For examples, mitochondria [128], matrix vesicles [129] and 

ground substance [130, 131] containing various types of proteins have been studied as potential 

candidates.  Among them, matrix vesicles, which originate from cytoplasmic processes of the 

chondrocyte or osteoblast, are thought to be responsible for the deposition of hydroxyapatite in 

primary bone because hydroxyapatite was observed in the vesicles at the early stage of primary 

bone formation [132, 133].  It is known that matrix vesicles can accumulate calcium ions when 

isolated vesicles are incubated in synthetic cartilage lymph, and that matrix vesicles which 

contain alkaline phosphatase, stimulate the release of inorganic phosphate ions from organic 

phosphate to increase the concentration of phosphate ions [76].  Moreover, various lipids or 

proteins in matrix vesicles play an important role in the accumulation of ionic components [76].  

Therefore, the calcium and phosphate ions locally concentrated by vesicles or proteins probably 

initiate the formation of the calcium phosphate phase in the vesicle.  However, although there are 

several reports showing the presence of matrix vesicles in calcified turkey tendon, it is somewhat 

difficult to consider the matrix vesicle mechanism as a strong hypothesis of hydroxyapatite 

formation in secondary bone because turkey tendon is not mineralized via the remodeling 

process, and matrix vesicles are seldom found in secondary bone formation [132].  Therefore, it 

is worthwhile to consider other substances which can increase the local ionic concentration and 

trigger hydroxyapatite formation.  Our group has focused on non-collagenous proteins, which are 

found at the mineralization front, as a potential candidate that can induce intrafibrillar 
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mineralization of collagen fibrils [15].  Non-collagenous proteins are negatively charged due to a 

large number of glutamic and aspartic acid residues, which can attract calcium ions under 

physiological conditions [134].  In addition, it is known that the non-collagenous proteins play a 

pivotal role of the mineralization of bone [76, 79, 135].  The hypothesis of bone formation by 

non-collagenous proteins will be discussed more in a later section.      

Bone Formation: From a Materials Science Standpoint  

Although the macroscopic structure of collagen fibers, in which collagen fibrils are aligned 

in a parallel orientation, is hard to fabricate, but the reconstitution of collagen fibrils with native 

banding structure is now possible in the laboratory setting [136, 137].  Therefore, the 

investigation of the bone formation from a material science stand point has concentrated on the 

development of the intrafibrillar mineralization process which can be achieved in the laboratory 

setting and the characterization of bone tissues via various techniques. 

 To the materials scientist, how hydroxyapatite is nucleated and how hydroxyapatite nuclei 

grow into the narrow space between tropocollagen molecules are central to the question, ‘what is 

the mechanism of bone formation?’.  Therefore, there has been a lot of research with various 

techniques, such as X-ray diffraction, infra-red spectroscopy and transmission electron 

microscopy, to characterize bone mineral and to analyze how bone mineral is formed from 

natural bone samples.  X-ray diffraction is a powerful method to investigate the crystalline 

phases.  With the observation of bone samples with X-ray diffraction, amorphous calcium 

phosphate had been considered as a precursor material of bone hydroxyapatite because the 

intensity of bone hydroxyapatite is always less than that of synthetic hydroxyapatite due to the 

contribution of amorphous calcium phosphate which produces very broad peak [138].  Posner et 

al. [139] investigated rat bones of different ages and calculated the contents of amorphous and 

crystalline calcium phosphate.  With results from rat bone, they observed the content of 
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amorphous calcium phosphate was reduced and the ratio of Ca/P was increased as the maturation 

of bone progressed.  Those results were thought to be reasonable because the ratio of Ca/P of 

amorphous calcium phosphate (1.5), which is incorporated with high content of HPO4 
2- and 

water, is far less than that of hydroxyapatite (1.67) and the transformation of metastable 

amorphous calcium phosphate to stable hydroxyapatite can be easily done by the dissolution of 

amorphous calcium phosphate leading to nucleation of hydroxyapatite [140-142].   

On the other hand, Glimcher et al. [143] investigated embryonic chick bone using radial 

distribution function (RDF) analysis, and found no evidence of amorphous calcium phosphate in 

the early stage of bone formation.  In their report [143], they calculated the root mean square 

(RMS) of RDF over the region 2.5 – 7.5 Å, where the contribution of amorphous calcium 

phosphate would be strong, and over the region 10 -25 Å, where the contribution of amorphous 

calcium phosphate would be nil, and they argued that the ratio of the RMS over 10 -25 Å to the 

RMS over 2.5 – 7.5 Å would be gradually increased as the maturation of bone increased if the 

amorphous calcium phosphate was involved in the early stage of bone formation.  However, the 

value of this ratio varied randomly within the range of 0.38 to 0.42 (0.40 for embryo bone, 0.38 

for 5-weeks chick bone and 0.40 for 1-year chick bone), implying the probability of having 

amorphous calcium phosphate was very low.  Moreover, in the case of low integrated peak 

intensity of bone hydroxyapatite, which was considered as another evidence of the amorphous 

calcium phosphate, the decrease in the integrated intensity of the x-ray peak was also observed 

from hydroxyapatite incorporating carbonate, which substitutes the phosphate group in bone 

hydroxyapatite [144].   

From a conventional nucleation mechanism standpoint, their argument seems to be 

reasonable because the bone mineralization incorporates with collagen matrix.  Because calcium 
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and phosphate ions are already supersaturated in body plasma, heterogeneous nucleation can be 

induced if the appropriate active site for nucleation is provided.  An active site on collagen has 

been suggested [145].  As shown in Figure 2-8, in the initial stage of calcification of both avian 

embryonic bone and collagen fibril, the crystals are formed within collagen fibrils with regular 

spacing [80].  This observation implies that collagen fibrils provide a specific region for 

heterogeneous nucleation of hydroxyapatite at the initial stage of calcification [146].  Katz et al. 

[147, 148] suggested that the molecular circumstances around the gap zone in collagen fibrils 

may provide the appropriate space for mineral deposition, and Landis et al.  [90, 149] also 

confirmed that hydroxyapatite crystals nucleate in the gap zone using 3D reconstruction of TEM 

images.  In recent reports, carboxyl groups from amino acid residues in collagen fibrils, such as 

glutamic and aspartic acid, were introduced as a key factor of  heterogeneous nucleation of 

hydroxyapatite [45, 50].  In these reports, they argued that the carboxyl groups on the collagen 

fibrils could attract calcium and phosphate ions locally and initiate the nucleation of 

hydroxyapatite.  The formation of oriented hydroxyapatite on a synthetic self-assembly 

monolayer of arachidic acid (CH3(CH2)18COOH) also supports the hypothesis that carboxyl 

groups nucleate hydroxyapatite.  Sato [100, 101] reported that hydroxyapatite that nucleated on a 

self-assembled monolayer grew with [001] preferential orientation like bone hydroxyapatite [101, 

150].  In that paper, he argued that calcium and phosphate ions, which are adjacent to each other 

at the (001) plane during nucleation process, are combined with carboxyl groups in the 

monolayer for hydroxyapatite nucleation, and ordered carboxyl groups in the monolayer may 

control the crystallographic properties of hydroxyapatite.  Besides the carboxyl groups in amino 

acid residues, carbonyl groups in the collagen back bone may also provide nucleation sites for 

hydroxyapatite on collagen fibril surface [151].  When the mineralized collagen was observed by 
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Fourier transform infrared spectroscopy (FT-IR), the amide I peak at 1675 cm-1, which 

corresponds to C=O stretch, was shifted to lower wave number due to the adsorption of calcium 

ions on carbonyl groups which could attract calcium ions, and also could act as an active site for 

the heterogeneous nucleation of hydroxyapatite on collagen fibrils [151].  Although there was 

evidence that collagen fibrils can initiate the nucleation of hydroxyapatite, which supports the 

conventional nucleation mechanism for the bone mineralization, efforts to induce intrafibrillar 

mineralization of collagen by the conventional nucleation mechanism in the laboratory level 

were unsuccessful.  Therefore, some researchers, including our group, have returned to the old 

theory of amorphous calcium phosphate serving as a transient mineral precursor phases for bone 

hydroxyapatite [152, 153].   

In marine systems, various transient mineral phases have been reported from different 

invertebrate species.  The hydrated iron oxide, which is very poorly ordered, is formed as a 

precursor phase to crystalline magnetite in chitons [154].  Amorphous calcium carbonate is one 

of the most famous transient precursors, it forms in many marine species such as mollusk shell 

[155] and sea urchin spine [156].  It is thought that the precipitation of amorphous calcium 

carbonate may help the formation of non-equilibrium morphologies of calcium carbonate 

crystals because amorphous calcium carbonate can be molded into various shapes [157-160].  

With the observations of amorphous calcium carbonate precursor in invertebrate systems, 

therefore, the speculation of amorphous calcium phosphate as a transient precursor to bone 

hydroxyapatite seems plausible.  Crane et al. [161] recently reported that the formation of 

octacalcium phosphate minerals is observed in intramembranous mineralization of murine 

calvarial tissue, and it is thought to be indirect evidence that bone hydroxyapatite is formed via a 

transient mineral, and maybe even amorphous calcium precursor [152].  However, to bring this 
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previously rejected theory back into debate, another key factor, which may play an important 

role in the formation of amorphous calcium phosphate, must be introduced.   

Our group is researching the mimetic peptides emulating the non-collagenous proteins that 

are found at the bone mineralization front [17, 82].  Non-collagenous proteins contain large 

amounts of acidic amino acids, such as aspartic acid and phosphoserine, which can have poly-

anion characteristics by deprotonation of the acidic functional groups [67, 162-164].  Even 

though the function of non-collagenous proteins is still elusive, they are thought to play 

important roles in biomineralization, such as in  inhibition or enhancement of the nucleation of 

hydroxyapatite, when they are dissolved in the solution or they are immobilized on the substrate 

[165-167].  Termine et al. [168] also argued that when non-collagenous proteins were extracted 

by demineralization processes, the demineralized matrix could not be remineralized without non-

collagenous proteins.  Recently, our group has successfully produced  a mineralized collagen 

substrate with intrafibrillar mineralization using acidic polymer as a process-directing agent for 

inducing amorphous calcium phosphate [15], and based on such observations, we hypothesize 

that the non-collagenous proteins enriched with acidic residues may help the formation of 

transient precursors to bone hydroxyapatite.  The intrafibrillar mineralization of collagen fibril 

with acidic polymer will be discussed more in a last section of this chapter.    

Bone Grafts 

As discussed previously, the development of bone grafts has been a serious research thrust 

for many decades.  Therefore, a brief consideration of the advantages and disadvantages of 

various types of bone grafts currently in use will be helpful.  Bone grafts have several 

requirements for replacing damaged bone.  First, bone grafts must provide mechanical and 

structural support for the missing bone part.  Bone fillers for the cavity of defective gaps or 

various metal plates or screws for bridging the fracture are good examples of bone grafts for 



 

39 

mechanical purposes.  Appropriate chemical properties of bone grafts are also required.  To 

enhance the bone healing process, bone graft should provide appropriate surface conditions to 

decrease immunological response and increased proliferation of bone forming cells [169].  From 

a methodological standpoint, autografting is the most preferred way to replace the damaged bone 

[1].  Because the defective bone is replaced by the bone graft which is extracted from the patient 

having replacement surgery, autografting causes low immunological response and fast healing.  

However, limited quantity and the morbidity after extraction make it highly desirable to develop 

a synthetic bone graft [4, 45].  As shown Figure 2-9, synthetic bone grafts can be categorized 

into several generations depending of the development of synthetic materials, and each 

generation has its own characteristics [4].     

First Generation of Bone Grafts 

Before 1950, many materials were used for biomedical purposes without consideration for 

the immunological response of the body to the materials [170].  Therefore, many materials 

implanted in the human body were either toxic or pathogenic leading to the failure of 

implantation.  In the 1950s and 1960s, the first generation of biomaterials was introduced for 

clinical use [40, 170].  Ceramic materials, such as alumina (Al2O3) and zirconia (ZrO2), and 

metals, such as stainless steel, Co-Cr alloy and titanium, are examples of the first generation of 

biomaterials used for bone grafts.  The goal of the first generation bone graft was to provide 

physical support for the fracture gap during the bone healing process or replace the whole 

damaged bone with minimal toxic response.  Although the bio-inert materials do not induce a 

toxic response with the host, they have an innate drawback caused by their natural mechanical 

properties.  As shown in Figure 2-10, the mechanical properties of major ceramic and metal bio-

inert materials are much higher than those of bone, which leads to the stress shielding effect [4, 

44].  According to Wolff’s law [171], when a bone graft that is stiffer than natural bone is 
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implanted, the applied stress on the bone tissue around the bone graft decreases, and bone tissue 

with lower stress is gradually resorbed by the remodeling process, leading to the detachment of 

the bone graft.  Moreover, because these 1st generation materials cannot bond to living tissue, an 

additional fixation of the implant is needed with screws or bone cement, and detachment can 

occur due to encapsulation of the implant by fibrous tissue [172].  Some polymer materials, such 

as polyethylene, poly-tetrafluoroethylene or poly-methyl-metacrylate, were also used for the first 

generation of bone graft due to the similarity of their mechanical properties to those of bone.  

While the first generation of polymeric implants provides desirable mechanical properties for 

bone graft, it still causes some problems, including inflammation or foreign body reaction due to 

the debris produced by implant abrasion [173].   

Second Generation of Bone Grafts 

After Hench introduced bioglass, which shows the direct bonding to bone tissue, 

biomaterials evolved into the second generation [40, 174, 175].  In contrast to the bio-inert 

materials, the second generation of bone grafts showed bioactive and biodegradable 

characteristics [170].  Bioglass is a typical bioactive bone graft, and it produces hydroxyapatite 

on the bioglass surface, leading to the direct bonding with re-grown bone [39, 40].  AW glass-

ceramic, in which apatite and wollastonite crystals are embedded in glass matrix,  is also known 

to form hydroxyapatite and produce direct bonding to bone [176].  However, because the 

ceramic bioactive materials have low toughness and brittleness, the uses of ceramic bioactive 

materials are limited to low-weight bearing sites such as cranial bone or maxillofacial 

reconstruction [4].  In the case of biodegradable materials, such as tricalcium phosphate, poly-L-

lactic acid and poly-lactide-co-glycolide, they can be hydrolytically dissolved in the human body 

by a metabolic reaction, leading to gradual replacement with newly-formed bone.  However, 

because the dissolution rate is somewhat faster that the rate of bone growth, greater control of 
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dissolution rate is still required for practical uses in large defective sites [177], and the variability 

within individuals and bone types could pose problems with matching rates of bone formation 

with implant degradation.  Surface treatment of bio-inert materials was also studied to combine 

the advantages of the first and second generation biomaterials [38].  In the case of titanium, 

although it has osteoconductive characteristics, the bonding between bone and the implant is not 

always guaranteed.  Therefore, the titanium surface is often chemically modified to induce a 

stronger bond between the titanium surface and newly formed bone.  For example, titanium is 

frequently coated with bioactive materials such as bioglass, hydroxyapatite or collagen [178-181].  

In these cases, surface modified titanium can be used at the load-bearing site and it can also 

produce a more robust interface between implant and bone.   

Third Generation of Bone Grafts 

Although first and second generation biomaterials have been used as bone grafts for 

decades, researchers began to consider composite made of the components of natural bone as 

alternative bone graft materials in the 1990s because the primary goal of engineering bone grafts 

is the development of synthetic bone graft analogous to autograft.  Bone can be considered at the 

fundamental level as a nanostructured collagen/hydroxyapatite composite.  Therefore, the 

fabrication of bone grafts with both collagen and hydroxyapatite is now being investigated to 

take advantage of the desirable attributes found in autograft tissues.   

The simplest method to fabricate a collagen/hydroxyapatite composite is the direct 

blending of collagen and hydroxyapatite.  The combination of these two biomaterials was 

expected to provide an advantage, such as osteoinductivity, over each material and produce a 

bone-like composite [136, 137, 182].  However, control over the uniformity and homogeneity of 

the hydroxyapatite/collagen mixture is still a difficult problem [45].  Moreover, in the case of the 

direct blending method, because hydroxyapatite particles are randomly mixed with fibrous 



 

42 

collagen without chemical bonding, there is no structural resemblance to real bone [45].  This 

structural and compositional difference of such blended composites may hinder the interaction 

between cells and the composite.   

The most common method for fabricating collagen/hydroxyapatite composites is to 

mineralize reconstituted collagen scaffolds using the  conventional nucleation and growth 

method for hydroxyapatite [59, 183, 184].  Simulated body fluid (SBF), whose ionic 

concentration and composition is similar to body plasma, modified SBF, saturated calcium and 

phosphate solution are most frequently used as a mineralization solution for this process [176, 

185].  As previously discussed, the collagen surface has carboxyl groups and carbonyl groups, 

which are thought to act as nucleation sites for hydroxyapatite on the surface.  The ability of 

those functional groups to induce the nucleation of hydroxyapatite was investigated with the self-

assembly monolayer with the negatively charged functional groups and the surfactant for the 

self-assembly monolayer modified with hydrophilic polar groups such as phosphate, carboxyl 

and hydroxyl groups showed the rapid hydroxyapatite formation [186, 187].  Therefore, to 

enhance the ability of a collagen surface to induce hydroxyapatite formation, the collagen surface 

was modified by Goes to be more negatively charged with the selective hydrolysis of 

carboxyamide side chains of asparagine and glutamine residue, and  using this modified collagen, 

a thick and continuous hydroxyapatite coating was produced [54].  However, the formation of 

hydroxyapatite was limited to the surface of collagen, and the conventional nucleation and 

growth strategy has not been able to achieve the intrafibrillar mineralization[188].   

As previously mentioned, the structural and compositional similarity of bone grafts to real 

bone may enable some of the remarkable advantages of autografts, such as osteoconductivity, 

osteoinductivity and low immunological response.  Therefore, since 1995, various techniques has 
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been introduced to fabricate bone-like composites [50-52, 137, 189].  These techniques are based 

on the co-precipitation method.  In the co-precipitation method, fibrillogenesis of collagen fibrils 

and precipitation of hydroxyapatite by an increase in pH or the addition of mixing agent are 

induced at the same time [45, 53].  In this method, because hydroxyapatite particles are nucleated 

during the self-assembly of tropocollagen, hydroxyapatite particles can be embedded inside of 

the collagen fibrils.  As shown at Figure 2-11, the mineralized collagen showed an electron 

diffraction pattern similar to that of bone, characterized by (002) arcs, which implies that the 

hydroxyapatite crystals are aligned within the collagen fibrils with uniaxial orientation [50].  

Because collagen/hydroxyapatite composites made by the co-precipitation method resemble 

mineralized collagen in natural bone, both compositionally and structurally, it also showed 

resorptive characteristics during remodeling processes [52].  However, although the co-

precipitation method can produce bone-like composites whose nanostructure is analogous to that 

of natural bone, the long range order of collagen fibril was not observed and it is hard to make 

bulk bone graft without additional treatments from the such as cross-linking processes or 

forming processes [51, 52, 190].   

Recently, biomimetic approaches to fabricate bone-like collagen/hydroxyapatite 

composites have been highlighted and are expected to prompt the development of the fourth 

generation of biomaterials for bone grafts [45, 170].  Those approaches include tissue 

engineering, molecular tailoring for cell interaction, and uses of modified proteins for specific 

uses [4, 170].  For example, to produce bioresorbable polymer scaffolds by specific cellular 

reactions, the polymer molecules can be tailored to induce cellular interactions via specific 

molecular signals, or the immobilization of protein for the proliferation of typical cell which can 

produce an enzyme to induce dissolution of polymer.  In the case of bone grafts, the 
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immobilization of protein or growth factors on the collagen/hydroxyapatite composite may be an 

example of the new direction of the fourth generation of bone grafts. 

Intrafibrillar Mineralization of Collagen Fibrils with the Polymer-Induced-Liquid-
Precursor (PILP) Process    

Calcium carbonate is a major component of the shells of invertebrate marine species [79].  

In these invertebrates, calcium carbonate crystals have various non-equilibrium morphologies 

such as fibrous, plate-like or film-like, and molded morphologies [191].  How calcium carbonate 

skeletons or shells that have non-equilibrium morphologies form has undergone a paradigm shift 

in the biomineralization area.  Polyanionic macromolecules found occluded in biominerals 

extracted from invertebrate species had been considered morphology-directing agents that 

selectively adsorb on the specific crystallographic faces to control the rate of crystal growth [66, 

67].   In light of more recent findings, where an amorphous precursor has been found to be 

involved in their formation, the concept of stereoselective adsorption has fallen to the wayside.  

The Gower group has proposed a different function of the poly-anionic macromolecules 

associated with biominerals, which is based on in vitro observations of a process called the 

polymer-induced-liquid-precursor (PILP) process.    

The PILP process was initially discovered in calcium carbonate system [70, 192].  When 

anionic polymer, such as polyacrylic acid or polyaspartic acid, is added into a mineralization 

solution containing calcium ions, the negatively charged polymer sequesters calcium ions and 

carbonate ions that are continuously introduced by gas diffusion into the mineralizing solution.  

When a critical ion concentration is reached, a highly hydrated precursor phase is formed, which 

is recognizable microscopic droplets with the optical microscope, as the solution undergoes 

liquid-liquid phase separation (Figure 2-12) [71].  The liquid precursor droplets, initially 

nanoscopic in size, agglomerate into larger micron-sized droplets, which are then accumulated 
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on the bottom of a reaction vessel via gravity.  The fluidic droplets coalesce to make a 

continuous amorphous film, which solidifies and crystallizes into the more thermodynamically 

stable crystalline phase as water and polymer are excluded.  The most important characteristic of 

the highly hydrated precursor formed by the PILP process is the ability of the fluidic precursor to 

be deposited or molded into various shapes, such as tablets, films, fibers, and that crystals 

derived from the PILP phase retain the shape delineated by the phase boundary of the precursor 

phase [15, 158].  We thought that this process, in which the amorphous fluidic precursor can be 

molded within a porous matrix, might lead to intrafibrillar mineralization of collagen fibrils, 

which can be considered as a polymer matrix with interconnected nano-pores [72].   

The hypothesis of intrafibrillar mineralization of collagen is that the liquid precursor, 

formed by the combination of anionic polymer and ionic components of hydroxyapatite, can be 

drawn into the grooves and channels in collagen fibrils through the gap zones via capillary action.  

The precursors would then be expected to solidify and crystallize into hydroxyapatite as the 

waters of hydration are excluded from the metastable precursor (Figure 2-13) [15].  It was 

considered that the combination of interfacial energy between water, collagen fibril channels and 

precursors separated from mineralizing solution by phase boundary would draw the precursor 

into the fibrils by capillary forces.  During crystallization of the precursor, it is thought that the 

unstable amorphous precursor is thermodynamically transformed into the stable crystalline phase.  

In comparison to other hypotheses, one needs to consider the case of uniaxial orientation of 

hydroxyapatite, where it has long been thought that epitaxial growth of hydroxyapatite along 

collagen fibrils is responsible.  However, in contrast to the epitaxial growth mechanism, we 

speculate that the alignment of hydroxyapatite crystals is the result of compartmentalization of 

crystal growth caused by the collagen fibrils.  We believe that crystallization occurs 
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spontaneously and continuously in the narrow space generated by collagen molecules, and the 

growth of hydroxyapatite could be constrained such that a rapid growth direction takes 

dominates, leading to the naturally favored [001] direction along the channel between collagen 

molecules.  In recent research, randomly oriented hydroxyapatite crystals were observed in 

naturally mineralized hen tendon [193].  As shown in Figure 2-14, hydroxyapatite clusters 

without uniaxial orientation were observed in the cavities even though the hydroxyapatite was 

formed on the collagen fibril, which is expected to induce the epitaxial growth of hydroxyapatite.  

It seems apparent that crystal nucleation on collagen, at least not on the surface, does not lead to 

preferred orientation. 

The formation of bone via amorphous calcium phosphate was abandoned for 20 years after 

Glimcher [143] argued that there was no distinct evidence of the presence of amorphous calcium 

phosphate in embryonic chick bone.  This was concluded when the RDF peaks of chick bone did 

not show rapid fall-off after the long-range order region.  We have presented an argument against 

this evidence in our resent paper [15], based on the fact that this is primary bone formation, or 

only small regions of secondary bone will have amorphous mineral at any given time.  Moreover, 

there has been limited success at in vitro attempts to mimic the intrafibrillar mineralization of 

collagen fibrils via the conventional nucleation and growth method.  On the other hand, the 

intrafibrillar mineralization of collagen fiber can be achieved by the PILP process induced by 

acidic polymer.  Moreover, there are many kinds of non-collagenous proteins, such as bone 

morphogenetic proteins, bone sialoproteins, osteocalcin and osteopontin, that are enriched with 

acidic amino acids present at the bone mineralization front.  We suspect that these proteins may 

act as process-directing agents that sequester ionic components and water to form amorphous 

calcium phosphate precursors, which may act like the fluidic precursors in the PILP process 
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during the bone mineralization process.  Among those, bone sialoprotein and osteopontin are 

possible candidates that could conceivably act as a process-directing agent used in the PILP 

process.   Even though the proteins are not composed of only amino acids which are negatively 

charged (like poly-aspartic acid in the PILP process), bone sialoprotein or osteopontin has a 

strong negative charge character, which could be as strong as poly-aspartic acid, due to 

phosphorylated functional groups.  Therefore, in a real bone formation, bone sialoprotein or 

osteopontin may function the same way as of polyaspartic acid does in the PILP process, forming 

an amorphous calcium phosphate precursor.  According to Toroian [194], while proteins with a 

molecular weight smaller than 6,000 Da were able to be diffused into type-I collagen, proteins 

with a molecular weight is larger than 40,000 Da are excluded from porous type-I collagen.  

Therefore, the size of osteopontin (about 44,000 Da) and bone sialoprotein (about 70,000-80,000 

Da) may prohibit the infiltration of these proteins into the collagen fibril, leading to incomplete 

intrafibrillar mineralization of collagen.  According to the NMR study of bone sialoprotein and 

osteopontin done by Fisher [195], however, those proteins are unstructured and very flexible.  

Those physical characters of the proteins may enable the effective infiltration of the proteins with 

high molecular weight into the narrow spaces between tropocollagen molecules to achieve 

intrafibrillar mineralization of the collagen fibrils.  However, demonstration of intrafibrillar 

mineralization via such as process in vitro has not been achieved.  Therefore, with recent 

advances reported in the literature and the achievements we have made with the PILP process, 

we propose revisiting the amorphous precursor theory.  Finally, it may be worthwhile to mention 

that the Glimcher group recently tried to remineralize demineralized bone with the addition of 

negatively charged poly-L-glutamic acid, which leaded to the enhancement of intrafibrillar 

mineralization of demineralized bone [196].   
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Table 2-1.  Principle constituents of bone*   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*The contents of each component are varied depending on the species, age or type.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Components Wt% 
Hydroxyapatite ~60 
Carbonate ~4 
Minor inorganic phases (Na,Mg,Cl,F,K,Zn) ~2 
  
Collagen  ~20 
Non-collagenous proteins  3 
  
Water ~9 
  
Others (bone cells, polysaccharides, lipids, cytokines)  
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Figure 2-1.  Tropocollagen molecule.   
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Figure 2-2.  Collagen fibrils assembled into a quarter-staggered arrangement, and TEM 
micrograph of collagen fibrils with banding patterns that arise from the corresponding 
hole and overlap zones [89]. 
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Figure 2-3.  Hierarchy of osteonal bone structure, as illustrated by Weiner and Wagner [10].  
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Figure 2-4.  Based on tomographic TEM images, Landis et al. provide a schematic diagram of 
mineralized turkey tendon as ossification progresses.  Tropocollagen molecules 
(cylinders) are arranged with the quarter-staggered arrangement, marked by a 67 nm 
repeat resulting from the gap zones.  Hydroxyapatite is first observed in the gap zone, 
and then grows to fill the space between tropocollagen molecules [90].  
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Figure 2-5.  Selected area electron diffraction (SAED) patterns of equine bone [15], and a 

schematic diagram of mineralized collagen fibrils showing the deck-of-cards structure 
[104].  The direction of collagen fibril in A) is indicated by the white arrow.    
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Figure 2-6.  TEM micrographs of A) decalcified zebra fish bone, and B), C) untreated fish bone.  
For decalcification of bone, formic acid (5 % v/v) was used.  Black arrows in B) 
indicate the orientation of mineralized collagen fibrils, and the average diameter of 
mineralized fibrils is 151.2 nm.  At C), SAED patterns for domain A is inserted, and a 
schematic diagram of the mineralized collagen with surface hydroxyapatite was also 
illustrated.[110] 
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Figure 2-7.  Activated osteoclast at the resorptive bone site [119].   
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Figure 2-8.  TEM micrographs of the initial stage of calcification in A) avian embryonic bone 
and B) unstained collagen fibril which was mineralized by in vitro experiment [80].   
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Figure 2-9.  History of bone graft development [4]. 
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Figure 2-10.  Stress-strain relationship of various bone grafts [4]. 

 

 

 

 

 

 

 

 

 

 

 



 

59 

 
 

Figure 2-11.  The TEM micrograph of collagen fibril produced by Kikuchi et al. using the co-
precipitation method [50].  The SAED pattern of the mineralized collagen is inset.  
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Figure 2-12.  Formation of calcium carbonate film via the PILP process [71].   
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Figure 2-13.  Intrafibrillar mineralization of a collagen fibril via the PILP process [15].  (a) The 
precursor droplets formed by anionic polymer (black arrow) adsorb to collagen fibrils 
and are drawn in via capillary action.  (b) The fluidic precursor is distributed 
throughout the interstitial space of the assembled tropocollagen helices.  (C) The 
amorphous precursor then solidifies and crystallizes into hydroxyapatite with uniaxial 
crystallographic orientation.[15] 
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Figure 2-14.  The SEM micrographs of the mineralized part of hen tendon [193].  Arrows in A 
indicate the cavities in which hydroxyapatite cluster was formed without preferential 
orientation.  Bars indicates 30 (A), 30 (B), 3 (C), 15 (D) and 3 µm (E).     
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CHAPTER 3 
MINERALIZATION OF TYPE-I COLLAGEN SPONGES VIA AN ENZYME-AIDED PILP 

PROCESS 

Introduction  

Various inorganic-organic composites in biological systems, such as bone, teeth, shell and 

sea urchin spine, have been investigated to clarify how those structures are formed under 

ambient conditions, what the contribution of those structures is on their performance, and how 

such structures and properties can be mimicked in the laboratory or industry [63, 79].  Among 

those composites, bone has been widely researched in various areas, including materials science, 

because bone has a nanostructured architecture providing outstanding mechanical strength and 

bioresorptive properties [4, 10, 11, 34, 45].  In addition, the demand for a new synthetic bone 

graft for the replacement of damaged bone is dramatically increasing.  It is thought that the 

remarkable physical and chemical properties of bone originate from certain structural 

characteristics of bone [15, 26].  Therefore, there have been various attempts to mimic bone 

structure and develop a bone graft with the structural advantage of bone.    

Bone has a nano-engineered structure which has been categorized into 7 levels of hierarchy 

[10].  The foundation of this hierarchy is the mineralized collagen fibril, which can be described 

as an intrafibrillarly mineralized collagen fibril consisting of preferentially oriented 

hydroxyapatite platelets embedded and aligned within the interstices of the collagen fibrils [104, 

197].  The hydroxyapatite crystals preferentially nucleate between tropocollagen molecules 

(triple helices of collagen peptides), which are in turn self-assembled with a quarter-staggered 

arrangement, generating a periodic array of gap zones [84].  The nanostructure of the mineralized 

collagen fibril is considered to lie at the foundation of bone’s outstanding mechanical properties 

(strength and toughness) [10].  In addition, the metastability of the extremely small nano-crystals 

of hydroxyapatite allows them to be resorbed by osteoclast during the natural remodeling 
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processes of bone [15].  Therefore, many researchers have tried various methods to duplicate this 

fundamental nanostructure of native bone.  Many attempts have been introduced to prepare 

collagen/hydroxyapatite composites via the conventional nucleation and growth techniques, 

which initiate nucleation of hydroxyapatite crystals on the collagen fibers [59, 183].  However, 

with the conventional nucleation and growth method, a hydroxyapatite coat with random 

orientation is formed on the collagen surface [56].  It has been suggested that this coating might 

prevent further mineralization of the collagen fibril beneath the surface, inhibiting the formation 

of a native nanostructure of bone, which arises from intrafibrillar mineralization [45, 188].  We 

believe this is not actually the problem, but rather the mineralization mechanism is responsible 

for the lack of intrafibrillar mineral via the conventional crystallization route.   

Our lab has successfully achieved the intrafibrillar mineralization of collagen using a novel 

method, called the Polymer-Induced-Liquid-Precursor (PILP) process [15, 198].  In the PILP 

process, a fluidic calcium phosphate precursor is induced by process-directing agents, such as 

polyacrylic acid or polyaspartate, which can then be drawn into gaps and grooves of the collagen 

fibrils by capillary action [15, 198].  Once the mineral precursor has infiltrated the fibrils, it 

solidifies and crystallizes into nano-sized hydroxyapatite crystals with the crystallographic 

orientation roughly parallel to the fibril axis, generating the (002) arcs that are typically seen for 

bone.    

In the work presented in this chapter, intrafibrillar mineralization of collagen was achieved 

by an enzyme-aided PILP process, which more closely mimics the chemical environment found 

during the natural process of bone formation [199, 200].  Alkaline phosphatase, which is always 

present during bone formation, such as in hypertrophic cartilage before ossification, is an 

enzyme that catalyzes the release of phosphate groups from organic molecules via 
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dephosphorylation [188, 201, 202].  It is used here to provide controlled release of inorganic 

phosphate groups (PO4
3-) from a commercial organophosphate ester, rac-glycerol 1-phosphate, to 

induce amorphous calcium phosphate via the PILP process.   

Materials and Methods 

Sample Preparation   

  A Type I collagen suspension (2.4 ml, OAIA 9909 NeuVisc, Neucoll) was transferred 

into a 2-cm-diameter-well stainless steel tray and washed with de-ionized (DI) water 5 times 

using centrifuge.  The collagen suspension was frozen with liquid nitrogen, and lyophilized for 

24 hours under vacuum, to form a loosely packed collagen sponge for these mineralization 

studies.   

Separate solutions of CaCl2·2H2O and rac-glycerol 1-phosphate (Sigma-Aldrich) were 

prepared in D.I. water to a concentration of 6mM.  The mineralization solution was prepared by 

mixing equal amounts of the CaCl2·2H2O (6 mM) and the rac-glycerol 1-phosphate (6 mM) 

solutions [199], and the PILP process-directing agent, poly-(α,β)-DL-aspartic acid (PolyAsp), 

was added into the solution at a concentration of 50 µg/ml.  The lyophilized collagen sponge was 

placed into the mineralization solution, and air bubbles trapped within the sponge were removed 

under vacuum for 30 minutes.  Then, alkaline phosphatase (0.03 units/ml) was added to the 

mineralization solution containing 3 mM of calcium chloride and rac-glycerol 1-phosphate and 

poly-(α,β)-DL-aspartic acid.  The pH of the mineralization solution was around 8.3, which is 

high enough to maintain the activity of alkaline phosphatase.  The reaction was run in a 37oC 

oven to emulate physiological conditions, and the mineralization solution was replaced by a new 

solution every 3 days to provide enough mineral to fully mineralize the collagen scaffold.   

For etching studies, to examine the interpenetrating nature of the composite, the 

mineralized sponge was bleached with a 2 % of NaOCl solution for 1 hour, followed by rinsing 
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with de-ionized water several times.  To remove the extra hydroxyapatite coat, the mineralized 

collagen was soaked in an HCl solution (which was adjusted to pH 2) for 20 seconds and washed 

with de-ionized water.   

X-Ray Diffraction (XRD) analysis 

X-Ray analysis was used to determine the crystal structure of the precipitates from the 

surrounding mineralization solution.  These precipitates were centrifuged at 5000 rpm for 15 

minutes and rinsed with de-ionized water followed by ethanol for rapid drying.  The powder 

obtained after drying was transferred to a glass slide and scanned with Cu-Kα X-ray radiation 

from a Philips XRD 3720 at 40 KV and 20 mA, using a step size of 0.01° with a time of 1.25 

sec/step, over a 2θ range of 4 - 50°. 

Scanning Electron Microscopy (SEM) Analysis  

The mineralized collagen sponge was washed with de-ionized water 3 times and 

lyophilized with a freeze dryer for 24 hours.  Dried samples were mounted on an aluminum stub 

covered in double-sided copper tape, and then sputter coated with either Au/Pd or amorphous 

carbon.  The morphologies of the surface of the mineralized collagen were then analyzed using a 

6400 JEOL SEM at 15 kV.   

Transmission electron microscopy (TEM) analysis 

Nano-structural analysis was performed on a 200cx JEOL TEM (200 kV) with bright field 

(BF), dark field (DF) and selected area electron diffraction (SAED) modes to determine the 

crystallographic orientation of the embedded hydroxyapatite.  For transmission electron 

microscopy (TEM) analysis, mineralized collagen was pulverized into a powder.  The powder 

dispersed in ethanol was applied as a drop onto a copper TEM grid with lacy carbon.  In the case 

of un-mineralized collagen, pulverized collagen powder on TEM grid was soaked in a 1 % 
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solution of phosphotungstic acid (PTA) for 30 second to stain the collagen fibrils.  To prevent 

electron charging on the sample, it was slightly coated with amorphous carbon.     

Confocal Microscopy Study  

Confocal microscopy was used to study the infiltration depth of fluorescently labeled 

precursor in a turkey tendon scaffold, which has densely-packed collagen fibers.  This was 

compared to the same scaffold soaked in a solution containing polyaspartic acid and calcium ions 

only (without phosphate, to avoid PILP formation). 

The poly-(α.,β)-DL-aspartic acid (20 mg) was dissolved in 2 ml of 0.1 M sodium 

carbonate buffer, which was prepared by mixing 8 ml of 0.2 M of Na2CO3  and 17 ml of 0.2 M 

NaHCO3.  Fluorescein isothiocyanate (FITC, 5 mg) was dissolved in 0.5 ml of dimethyl 

sulphoxide, and then 200 µl of FITC solution was gently added to the polymer solution.  The 

solution mixture was sealed from light and incubated at 4°C in the refrigerator for 24 hours.  

After incubation, the polymer solution combined with dye was centrifuged in a Centricon® spin 

column with molecular weight cutoff of 3 kDa to remove any un-reacted dye.  The final 

concentration of polymer was assumed not to change because its average molecular weight is 

above the cutoff, although the polymer is not monodisperse, so there was likely some loss of 

lower molecular weight chains below the 3 kDa Centricon® cutoff.  The polymer labeled with 

FITC was used as a process-directing agent for the PILP process.   

An Olympus Fluoview 500 confocal scanning unit mounted on an IX-81 inverted 

fluorescence microscope was used with an Ar laser light source (488 nm excitation) and 505-525 

nm bandpass filter.  Scanning depths along the Z-direction were chosen to be 500 μm with a 2.5 

μm step size, where the Z-direction corresponds to a depth profile into the cross-section of the 
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tendon.  A photomultiplier voltage (PMT) of 400V was used to optimize the fluorescence 

intensity, which is very bright near the surface.   

Results and Discussion 

Analysis of Precipitates from the Mineralization Solution 

A preliminary study was done to test the conditions needed for enzymatic release, where it 

was found that alkaline phosphatase stimulated the release of phosphate ions from rac-glycerol 

1-phosphate when the solution’s pH was above 8.0.  As shown in Figure 3-1, the initial pH of the 

mineralization solution was around 8.2 – 8.3, depending on the concentration of poly-aspartic 

acid added to the solution.  It is expected that alkaline phosphatase stimulates the release of 

phosphate ions at this pH.  The pH of the mineralization solution gradually decreased as the 

reaction progressed.  In the case of the control experiment, which did not contain poly-aspartic 

acid, the pH of the solution rapidly dropped to around 6.8 within 10 hours of reaction, and white 

precipitates, which were birefringent under polarized beam, were formed after only 6 hours of 

reaction.  The decrease in pH could be caused by the rapid formation of hydroxyapatite 

(Ca10(PO4)3(OH)2) leading to the consumption of OH- ions [199].  In contrast to the control 

experiment, the pH of the PILP mineralization solution containing 25 or 50 µg/ml of poly-

aspartic acid slowly decreased and stabilized after 10 hours of reaction.  A gel-like precursor 

phase was formed in the solution surrounding the collagen scaffold after 10 hours of reaction, 

and when it was examined by polarized optical microscopy, it was found to be amorphous phase 

(non-birefringent).  It is thought that the addition of polymer inhibits the direct crystallization of 

hydroxyapatite at the initial stage and induces the formation of this gel-like calcium phosphate 

precursor.  When the precipitate collected from the control was examined by x-ray diffraction, 

hydroxyapatite was observed after 24 hours of reaction (Figure 3-2).  On the other hand, the gel-

like precursor formed from the enzyme-aided PILP process (with 25 µg/ml of poly-aspartic acid) 
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had crystallized into a mixture hydroxyapatite and brushite (CaHPO4·2H2O) after 24 hours of 

reaction.  In the case of the enzyme-aided PILP process with 50 µg/ml of polymer, brushite was 

the major crystalline phase after 24 hours of reaction.  This suggests that the gel-like precursor 

initially transforms into brushite, which is a metastable calcium phosphate phase, leading to the 

pH plateau at around 7.6.  When the precipitates from the PILP process (induced with either the 

25 or 50 µg/ml of poly-aspartic acid) were aged in the mineralization solution for 10 days, the 

brushite fully transformed into hydroxyapatite.  Judging by the intensity and broadness (half 

width) of peak at 32º, the hydroxyapatite produced by the 25 µg/ml of poly-aspartic acid seems 

to have smaller crystal size and less defects than hydroxyapatite formed from the 50 µg/ml of 

poly-aspartic acid (Figure 3-3).  Brushite and octacalcium phosphate are both metastable calcium 

phosphate phases but are more stable than the first formed amorphous calcium phosphate phase 

[143, 152, 161].  Therefore, it is thought that the poly-aspartic acid inhibited the rapid 

precipitation of hydroxyapatite, and the crystallization process followed the kinetically-driven 

route, first forming an amorphous precursor to hydroxyapatite, then passing through the 

formation of the metastable polymorph of brushite.  It is also worthwhile to note that the three 

hydroxyapatite peaks around 32º ((211), (112) and (300)) are overlapped and make one broad 

peak (Figure 3-2), presumably because the hydroxyapatite crystals are either very small, or have 

defects, such as calcium deficiency and ion substitution [38, 203].    

As shown in Figure 3-4, the morphology of the hydroxyapatite formed by the control 

experiment was typical of hydroxyapatite clusters that normally form by the conventional 

nucleation and growth route from calcium and phosphate supersaturated solutions.  Although 

alkaline phosphatase produces glycerol [HOCH2CH(OH)CH2OH] as a byproduct of 

dephosphorylation of rac-glycerol 1-phosphate, glycerol has not been found to change the 
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morphology of hydroxyapatite, indicating that glycerol is not involved in the reaction.  Because 

glycerol does not have a negatively charged hydroxyl group due to the high pKa value of the 

primary alcohol (pKa=14.15), it is not expected to have much interaction with hydroxyapatite 

crystals or ions [204, 205].   

Analysis of Collagen Sponge Mineralized by Enzyme-Aided PILP Process 

In the case of the collagen sponge mineralized with the enzyme-aided PILP process 

containing 50 µg/ml of poly-aspartic acid, the collagen fibers and surface were coated with 

mineral after 4 days of reaction (Figure 3-5 B), which could be readily identified because of the 

rough appearance of the fibrils, which is distinctly different from the non-mineralized scaffold, 

for this collagen sponge, showing a smooth fibrils prior to mineralization (Figure 3-5 A).  In 

contrast to the hydroxyapatite clusters from the control experiment (Figure 3-4), the initial 

hydroxyapatite coating was not in a cluster form, but was a continuous and rough film which was 

apparently formed by the coalescence of the fluidic calcium phosphate precursor.  As the 

mineralization progressed, the rough film-like coating turned into a smooth hydroxyapatite layer 

after 11 days of reaction, because an additional adsorption of fluidic precursors on the initial 

rough coat layer caused a smoother coating (Figure 3-5 C).  In the case of the long mineralization 

time, because the formation of the precursor occurred at the initial stage of the reaction (within 

24 hours), the mineralization solution was replaced by a new solution every 3 days to keep 

providing fluidic precursors.  New precursors formed by the solution replacements are thought to 

cover the rough coat continuously to form this smooth overcoat of hydroxyapatite which covers 

the entire surface of the collagen scaffold, to the point that the fibrous texture of the collagen is 

masked by the thick overcoat.   

Hydroxyapatite is soluble under acidic conditions.  Therefore, to remove the excessive 

hydroxyapatite layer formed after 11 days of reaction, the mineralized collagen sponge was 
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soaked in an HCl solution (pH 2) for 20 seconds.  As shown in Figure 3-6 (left), some regions 

still had a thick hydroxyapatite layer (top region); however, in the regions where excessive 

hydroxyapatite was removed (bottom region), mineralized collagen fibers with a fibrous 

structure could be seen (see one fiber (arrow) protruding from the thick hydroxyapatite layer).  

This demonstrates that the individual collagen fibrils on the collagen sponge had been 

completely covered by the hydroxyapatite layer formed by the adsorption of fluidic precursors as 

the reaction progressed.  A 2 % of NaOCl solution was used to remove collagen, and it was 

expected that any unmineralized part of collagen sponge, which was not protected by the 

crystalline layer, would be dissolved.  When the collagen sponge mineralized by the enzyme-

aided PILP process for 11 days was treated with NaOCl solution, most of the sponge’s surface 

was intact due to the continuous hydroxyapatite layer protecting the underlying collagen.  As 

shown in Figure 3-6 (right), there was no morphological change in the collagen surface protected 

by the smooth hydroxyapatite coating (right bottom region of right image).  Moreover, at the 

crack on the excessive hydroxyapatite layer (center region), individual collagen fibers that were 

exposed to NaOCl solution remained intact.  This implies that individual collagen fibers were 

also protected by a very thin hydroxyapatite coat, or there was insufficient exposure time since 

the crack had formed. 

We believe the native structure of collagen is important for achieving intrafibrillar 

mineralization of collagen.  The fluidic precursor formed by the PILP process is thought to be 

drawn into the fibrils through the gap zones that are generated by the quarter-stagger 

arrangement of the collagen molecules.  As shown in Figure 3-7 A, the collagen fibrils used for 

the experiment have a native banding pattern with 64 nm of periodicity, indicating they should 

be suitable for intrafibrillar mineralization.  When the collagen sponge was mineralized by the 
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enzyme-aided PILP process for 11 days (Figure 3-7 B), the collagen fibrils showed dark contrast 

in the TEM, which came from the hydroxyapatite crystals (the collagen was not stained).  The 

diameter of this collagen fibril was over 400 nm, which is likely the result of two or three 

collagen fibrils overlapping.  In the case of bright-field TEM image of mineralized collagen 

(Figure 3-7 B), individual crystals of hydroxyapatite cannot be observed.  However, in the 

selective area electron diffraction pattern (Figure 3-7 C), (002) arcs were observed, and those 

arcs are strong evidence of the uniaxial orientation of hydroxyapatite within the collagen fibril.  

If hydroxyapatite crystals were perfectly aligned along the fiber direction, diffraction from the 

(002) planes should make a set of 2 spots, instead of the arcs, which indicate a degree of mis-

orientation.  Thus, the hydroxyapatite crystals within the collagen fibrils are roughly aligned 

along the fiber direction with about 30º (± 15º) of misorientation.  To visualize the orientation of 

hydroxyapatite, one of (002) arcs was chosen by the objective aperture and a dark-field TEM 

image was constructed by the electrons from only the (002) diffraction.  As shown in Figure 3-7 

D, the needle-like bright spots are well aligned along the fiber c-axis.  In most of the recent 

literature, the shape of the hydroxyapatite crystals in bone is considered as a platelet.  However, 

in the dark-field image, needle-like spots were observed because the side-view of thin 

hydroxyapatite plates is projected on a 2D film.  These TEM images provide strong evidence of 

intrafibrillar mineralization of collagen via the enzyme-aided PILP process.   

However, this evidence of the intrafibrillar hydroxyapatite (TEM image) were not 

observed from all collagen fibers on the TEM grid observed, indicating the degree of 

intrafibrillar mineralization was not very high.  As shown in Figures 3-5 and 3-6, individual 

collagen fibers and whole surfaces were covered with hydroxyapatite, even after 4 days of 

reaction.  This surface hydroxyapatite is thought to prevent the further penetration of ions or 
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precursors into the inside of the collagen sponge.  Because the formation of the fluidic precursor 

and the transformation of the precursor occurs within 24 hours of reaction, a replacement of the 

mineralization solution by new solution at shorter time periods, such as 16 hours or 24 hours, 

could reduce the formation of surface hydroxyapatite and increase the degree of intrafibrillar 

mineralization of the collagen fibrils.   

Study of Depth of Penetration of Polymer Incorporating with Precursor 

The infiltration depth of the fluidic precursor was examined by tracing the FITC-labeled 

poly-aspartic acid with a confocal microscope.  In this experiment, turkey tendon was used as a 

substrate instead of the collagen sponge because turkey tendon has densely-packed collagen 

fibrils which can prevent the migration of FITC-labeled polymer through pore space, requiring 

that the transport of the polymer be through the interstices of the fibrils.  Therefore, the 

difference between infiltration of polymer by diffusive transport (as a nucleator protein) versus 

capillary forces (PILP mechanism) will be emphasized.  The FITC-labeled polymer was added in 

two types of solution: the mineralization solution for the enzyme-aided PILP process and 3 mM 

of calcium solution.  In the former case, capillary forces are expected to provide rapid and long 

distance transport of a fluidic precursor (which presumably contains the FITC-polyaspartate), 

while in the latter case, it was expected that diffusion of a macromolecule through a porous 

matrix would be much slower and lead to lower penetration depth of this same polymer.    

In the case of polyaspartate with calcium ions, the penetration depth due to diffusive 

transport was around 100 µm.  On the other hand, the polyaspartate entrapped within the fluidic 

precursor showed over 500 µm of penetration depth.  Polyaspartate may be in a somewhat 

extended conformation in water because the carboxylate functional groups will mostly be 

deprotonated and negatively charged at high pH.  When cations such as calcium or sodium are 

added into the polyaspartate containing solution, the polyaspartate chains may partially collapse 
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because of the charge screening by cations, and even intramolecular bridges with the divalent 

cation.  On the other hand, the size of polyaspartate with calcium and phosphate ions does not 

change much (as shown in Chapter 6 for poly-aspartic acid in various solutions).  Therefore, if 

the infiltration of polymer through the turkey tendon was done by diffusion, the polyaspartate 

with calcium ions alone (with collapsed chains) would be expected to migrate further.  However, 

the result of the confocal microscopy experiment was the opposite.  We believe that the confocal 

microscopy observations strongly support our hypothesis that the fluidic precursor is drawn into 

the interstices and gap zones of the collagen, not by diffusion, but by capillary forces.  Moreover, 

the prevailing hypothesis about the function of the acidic non-collagenous proteins in bone, in 

which it has generally been assumed that the protein migrates into the gap zone and stimulates 

the nucleation of hydroxyapatite, should be re-considered 

In Figure 3-9, a schematic diagram representing of the collagen sponge mineralization by 

the enzyme-aided PILP process is illustrated.  At the initial stage of reaction (less than 12 hours 

of reaction), the fluidic precursor for calcium phosphate is formed by the poly-aspartic acid 

process-directing agent.  The fluidic precursor adsorbs to the collagen fibrils and is drawn into 

the gap zones of fibrils by capillary force.  The precursor phase within the collagen fibrils 

solidifies and crystallizes into, possibly through a brushite intermediate phase, which then 

transforms into hydroxyapatite quickly as the reaction progresses.  Further addition of precursor 

adsorbs onto the collagen surface to form a thick hydroxyapatite coating.  

   Conclusions        

  A collagen-hydroxyapatite composite was fabricated by the PILP process using an 

enzymatic process for phosphate release.  SAED of the mineralized collagen shows the typical 

pattern of native bone, which is usually represented by a series of arcs ((002) and (004)) 

indicative of the lattice planes with roughly uniaxial [001] orientation.  Confocal microscopy 
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demonstrated that the precursor phase can achieve a good depth of penetration into dense 

collagen scaffolds, and supports our hypothesis that the polymer enters the collagen via capillary 

action, and not diffusive transport.  With further optimization, the PILP process may be a 

promising method of fabricating bone-like composites.  This work shows that the PILP process 

can be induced using an enzymatic method for phosphate release, bringing it a step closer to 

emulating the physiological conditions present in bone formation.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

76 

0 5 10 15 20 25
6.4

6.6

6.8

7.0

7.2

7.4

7.6

7.8

8.0

8.2

8.4

   0 Pasp
 25 Pasp
 50 Pasp

 

 

pH

Time (hour)

 
 

 

 

 

 

 

 

 

 

Figure 3-1.  The pH of mineralization solutions containing various concentrations of 
polyaspartate points to a clear difference in the crystallization pathways.  The 
concentration of calcium ion in the mineralization solution was fixed at 3mM, and 
alkaline phosphatase was added (0.003 unit/ml) to provide a gradual release of 
phosphate ion from the organic phosphate-ester whose concentration was fixed to 3 
mM.  Reaction temperature was 37oC. 
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Figure 3-2.  The XRD patterns of precipitates collected from the mineralization solutions 
containing various concentration of polyaspartate (0, 25, 50 µg/ml) after 1 day of 
reaction.  Metastable brushite was found in the polyaspartate directed reactions.  
Brushite may have also have occurred in the control reaction, but being short-lived, 
was only observed with the stabilizing influence of the polymer) 
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Figure 3-3.  The XRD patterns of aged precipitates collected from mineralization solutions 
containing various concentration of polyaspartate (0, 25, 50 µg/ml) after 10 days of 
reaction.  All peaks can be assigned to hydroxyapatite at this time point, but the 
higher polymer concentration shows more peak broadening.   
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Figure 3-4.  Scanning Electron Microscopy (SEM) micrographs of a collagen sponge (left) that 

was mineralized for 4 days, and the magnified image of the surface precipitate (right).  
In this case, no polyaspartate was added to the mineralization solution, while the 
other conditions were the same as before, with concentrations of calcium ion and 
organic phosphate-ester fixed to 3mM, and alkaline phosphatase added at 0.003 
unit/ml.   
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Figure 3-5.  The SEM micrographs of collagen sponges before and after mineralization.  A) A 

non-mineralized collagen sponge, which was rinsed with de-ionized water and 
lyophilized for 1 day.  B) A collagen sponge mineralized by the enzyme-aided PILP 
process for 4 days and rinsed with de-ionized water several times.  C) A collagen 
sponge mineralized for 11 days.  Mineralization solutions contained 3 mM of calcium 
chloride, 3 mM of organic phosphate-ester, 0.003 unit/ml of alkaline phosphatase and 
50 µg/ml of polyaspartate.  To provide a more continuous supply of calcium 
phosphate liquid precursor, the collagen sponge was transferred to a new 
mineralization solution every 3 days.          
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Figure 3-6.  The SEM micrographs of mineralized collagen after acid treatment (left) and bleach 

treatment (right) to selectively remove the mineral and organic phases, respectively.  
The collagen sponge was mineralized by the enzyme-aided PILP process for 11 days.  
The mineralized collagen sponge was soaked in HCl solution (pH 2) for 20 seconds to 
remove an excessive hydroxyapatite coating, or 2 % of NaOCl solution for 1 hour to 
remove organic collagen that was not protected by the hydroxyapatite coating.  Scale 
bars = 5 μm (left) and 1 μm (right). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

82 

            
 

                           
 
Figure 3-7.  Transmittance Electron Microscopy (TEM) micrographs of the collagen sponge 

before and after mineralization.  A) TEM of a non-mineralized collagen fibril, which 
was stained by 1 % of phosphotungstic acid for 30 seconds, shows the native periodic 
banding patterns. B) Bright-field TEM micrograph and C) selective area diffraction 
patterns (SAED) of a collagen sponge that was mineralized for 11 days with the 
condition mentioned in Figure 3-5.  D) Dark-field TEM micrograph showing the 
oriented hydroxyapatite crystals that were illuminated by using the 002 arc selected 
by the objective aperture.  This appears to be two overlapping fibrils that are slightly 
offset, giving a double spot/arc in the SAED pattern.  Bar in A) = 100 nm 

 
 
 
 
 
 
 
 
 
 
 

A) B) 

C) D) 



 

83 

  
 
Figure 3-8. Confocal fluorescence microscopy images of FITC-labeled polyaspartate transported 

into a turkey tendon scaffold.  These show the penetration depth of polyaspartate used 
in the enzyme-aided PILP process (3 days of mineralization) into the turkey tendon 
scaffold.  FITC-labeled polyaspartate incorporated only with calcium ion (left) 
showed penetration ability less than 100 µm.  But, FITC-labeled polyaspartate formed 
in the calcium phosphate precursor (right) infiltrated the turkey tendon more than 500 
µm.  Each bar on left scale represents 100µm.   
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Figure 3-9.  Proposed mechanism of intrafibrillar mineralization via the enzyme-aided PILP 
process.  Amorphous calcium phosphate precursor is formed in the mineralization 
solution when the polyaspartate is added to the enzyme-aided PILP process.  The 
droplets adsorb to the collagen fibrils and are drawn into the gap zones by capillary 
forces.  The precursor phase then solidifies and crystallizes, leading to the formation 
of intrafibrillar HA nano-crystals.  If the mineralization is extensive, a mineral 
coating will also form on the surface of the fibrils, forming a continuous 
hydroxyapatite layer that masks the fibrous texture of the underlying fibrils. 
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CHAPTER 4 
INTRAFIBRILLAR MINERALIZATION OF BOVINE ACHILLES TENDON VIA THE PILP 

PROCESS 

Introduction 

Bone is mainly composed of inorganic crystals called hydroxyapatite, collagen fibrils as an 

extracellular matrix, non-collagenous proteins and water [10, 79, 80].  Those structural motifs, 

such as hydroxyapatite and collagen fibrils, are systematically connected leading to the 

hierarchically nanostructured architecture of bone.  Weiner et al. [10, 11] categorized bone into 7 

levels of hierarchies: from the main components of collagen and mineral, to whole bone.  The 

structural foundation of bone is composed of mineralized collagen fibrils, in which 

hydroxyapatite plates are embedded with uniaxial crystallographic orientation.  The collagen 

fibril is composed of tropocollagen molecules which are self-assembled with a quarter-staggered 

arrangement leading to the periodic gap zones in collagen fibrils [81, 83, 84, 86].  

Hydroxyapatite is initially found at the gap zone of collagen fibrils, and spreads along the 

grooves between tropocollagens as the interstitial space becomes mineralized [80, 147, 148].  

These mineralized collagen fibrils with interpenetrated hydroxyapatite nano-crystals are the basic 

building blocks of bone, in which the arrangement of mineralized collagen fibrils is organized 

into higher level structures, leading to its remarkable mechanical strength [15, 26].  Besides the 

mechanical strength of bone, the poor crystallinity of hydroxyapatite caused by defects, such as 

substituted carbonate and calcium vacancies, and large surface area of the nano-sized crystals, 

help the bio-absorptivity of hydroxyapatite crystals during the remodeling process of bone [15, 

18, 26].    

Although the formation of bone has been investigated for decades, the mechanism of bone 

mineralization is still being debated.  It is thought that organic substances, such as matrix 

vesicles, non-collagenous proteins, and collagen, play an important role in the mineralization of 
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collagen fibrils [67, 76, 132, 145, 162].  Since the influence of those organic substances on the 

mineralization process is not yet clarified, many competing proposed mechanisms involving 

those organic substances have been introduced.  Among those organic substances, we pay 

attention to the non-collagenous proteins, which are found at the mineralization front [17, 82].   

Non-collagenous proteins, such as bone sialoproteins, osteopontin, and biglycan, are 

highly acidic due to the carboxylate functionality of the side chains of aspartic and glutamic 

amino acids, and it could provide a binding site for calcium ions, along with sequestering 

phosphate ions simultaneously [163].  We speculate that locally concentrated calcium and 

phosphate ions by acidic proteins might form a fluidic calcium phosphate precursor, which could 

be delivered into collagen fibrils by capillary action, subsequently being transformed into 

hydroxyapatite [15, 198].  Gower et al. [70, 71] discovered that when acidic polymer is added 

into a crystallizing solution as a process-directing agent, the polymer can induce fluidic precursor 

phases of inorganic crystals via liquid-phase separation in the calcium carbonate system, and that 

process was named the PILP (polymer-induced-liquid-precursor) process.  With poly-aspartic 

acid mimicking the electrostatic environment of acidic non-collagenous proteins, we successfully 

mineralized collagen fibrils with the nano-structure of bone via the amorphous precursor 

mechanism [15].  We hypothesize that the fluidic calcium phosphate precursor formed by the 

PILP process could infiltrate into the collagen fibrils via the gap zone and spread throughout the 

fibrils by capillary action.  Then, the fluidic precursor could be solidified and crystallized into 

hydroxyapatite by the thermodynamic driving force.   

Previously, we have had promising results mineralizing reconstituted collagen sponges, 

which are purified and loosely packed, via the PILP process [15].  However, we wished to 

mineralize a natural extracellular matrix with densely packed and oriented collagen fibrils in 
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order to determine the degree of infiltration that can be achieved in a dense packed scaffold, and 

to examine the x-ray diffraction of a bulk sample consisting of well oriented scaffold (since 

electron diffraction only measures isolated fibrils).  Turkey tendon is one of the biological 

substrates that has been used as an appropriate model to investigate the mineralization of bone 

because its collagen fibers are parallel and densely packed like collagen in bone [104, 206].  In 

addition, because tendon is naturally mineralized with intrafibrillar minerals as the turkey ages, it 

is considered an accessible model of secondary bone formation (i.e., it is not based on a 

remodeling of primary endochondral bone, where it is difficult to isolate the different bone 

structures).  We have mineralized turkey tendon via the PILP process; however it is hard to argue 

that the intrafibrillar mineralization is accomplished only by the PILP process because turkey 

tendon might contain other key factors, such as matrix vesicle or non-collagenous proteins, for 

the intrafibrillar mineralization.  Therefore, in this study, bovine achilles tendon was chosen as a 

substrate to determine if intrafibrillar mineralization of a normally non-mineralizing tissue could 

be accomplished via the PILP process.  Bovine achilles tendon is composed of densely packed 

collagen fiber bundles which are surrounded by a white sheath called epitendineum, and achilles 

tendon is not naturally mineralized.  Therefore, bovine tendon can be considered as an 

appropriate extracellular matrix that can emphasize the effectiveness of the PILP process on the 

intrafibrillar mineralization [84].   

In this chapter, there are three main topics related with the intrafibrillar mineralization of 

bovine tendon.  Firstly, the interaction between bovine tendon and a fluidic precursor formed by 

the low molecular weight polymer.  Secondly, the effect of molecular weight of polymer on the 

intrafibrillar mineralization will be also investigated.  Lastly, the mineralization of bovine tendon 
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with and without EDTA-treatment for removal of calcification inhibitors in bovine tendon will 

be discussed.       

Materials and Methods 

Sample Preparation   

Bovine achilles tendon was kindly donated from the Meat Processing Center in University 

of Florida.  Extracted tendon was kept in the 50 % of ethanol at 4oC.  Because tendon has 

oriented collagen fibers, when tendon is scanned by an X-ray diffractometer, the peaks from the 

collagen fibrils can be diminished or pronounced, depending on the orientation of the collagen 

fibrils with respect to the stage of x-ray diffractometer (and therefore the incident beam).  

Therefore, tendons were cut perpendicular to the collagen fiber direction to investigate the effect 

of fiber orientation on the x-ray diffraction analysis, and disc-like tendon with 1 cm diameter and 

1-2 mm of thickness were obtained.  For some experiments, bovine tendon was minced to 

remove the influence of collagen fiber orientation on x-ray diffraction analysis.   

The mineralization solution was prepared by mixing equal amounts of CaCl2·2H2O (9 mM) 

and K2HPO4 (4.2 mM).  To maintain the pH of the mineralization solution at 7.4 during the 

reaction, each stock solution was made by dissolving chemicals in tris-buffer solution containing 

0.9 wt% of NaCl.  For the PILP process, poly-aspartates with different molecular weight were 

used as a process-directing agent.  Poly-(α, β)-DL-aspartic acid sodium salt (Mw : 5500 Da) or 

poly-L-aspartic acid sodium salt (Mw : 10,300 or 32,200 Da) was added to CaCl2·2H2O (9 mM) 

stock solution at various concentrations.  Tendons were soaked in the mineralization solution, 

and any air bubbles in tendon were removed under vacuum for 30 minutes.  The reaction was run 

in a 37oC oven to emulate physiological conditions.  After the mineralization, tendon was 

washed with de-ionized water several times and lyophilized for 24 hours to reduce the structural 

change in collagen fibrils during the drying process.  
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X-Ray Diffraction (XRD) analysis 

The ordered structure of collagen fibrils produces three distinct broad peaks in X-ray 

diffraction analysis [207].  As shown in Figure 4-1, the crystallographic repeat units in 

polypeptides (may be distance between pitch and pitch in α helix chain) produce a peak at 

around 31º (d = 0.29 nm), the average distance between α helix chains produces a very broad 

peak at around 20º (d = 0.45 nm) and the lateral space between tropocollagen molecules 

produces a peak at around 8º (d = 1.08 nm).  On the other hand, carbonated hydroxyapatite has 

major peaks at around 26º ((002) plane) and 32º ((211) plane) [4, 208, 209].  Therefore, there 

may be overlaps of peaks between hydroxyapatite peaks and broad collagen peaks.  Moreover, 

because the collagen fibrils in bovine tendon is aligned with the uniaxial direction, the intensities 

of collagen peaks can be diminished or pronounced depending on the direction of collagen fibrils 

against the incident X-ray beam and the typical peaks of hydroxyapatite can overlap with the 

exaggerated collagen peak [210].  For the x-ray diffraction analysis of mineralized bovine tendon, 

therefore, two types of sample arrangements, shown in Figure 4-2, were used to avoid peak-

overlap and to distinguish the typical peaks of carbonated hydroxyapatite from collagen peaks.  

The sample setup for the oriented collagen fiber experiment is borrowed from the x-ray 

diffraction setup with a transmittance mode which was used in the turkey tendon experiment 

(shown in Figure 4-3).  In the transmittance mode of x-ray diffraction, a beam diffracted by the 

sample should have a cone shape due to randomly distributed diffracting units.  However, as 

shown in Figure 4-3 (below), when the preferentially oriented collagen fiber is aligned 

perpendicular to an incident beam and the path of detector movement is assumed to be an 

imaginary Ewald’s sphere on which the incident beam passes through, the only diffracted beam 

whose beam path is on the imaginary Ewald sphere can be detected by a detector.  Therefore, in 

the transmittance mode with preferentially oriented sample shown at Figure 4-3, the 
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crystallographic plane almost parallel to the incident beam can diffract the beam more due to the 

many domains of the ordered unit, leading to an exaggeration of peak intensity of the parallel 

plane.  In the case of preferentially oriented hydroxyapatite, the crystallographic planes parallel 

to the incident, such as (002) and (004), could make exaggerated peaks shown at Figure 4-3 

(upper).  In the case of the collagen fibers, the repeat units (Figure 4-2 a) aligned along the c-axis 

of oriented collagen fiber could make a peak around 13.5º (transmittance mode, Figure 4-3) 

corresponding to a peak at 31º (d = 0.29 nm) in normal x-ray analysis using Cu-Kα x-ray.  

Therefore, in this experiment, we assumed that, even though x-ray diffractometer in the 

University of Florida has reflectance mode, the geometric condition between reflectance and 

transmittance modes might be analogous, leading to the exaggeration of peak intensity, when the 

oriented collagen fiber is used (this assumption was verified by the experiment which will be 

discussed in this chapter).  Therefore, as shown in Figure 4-2, when the collagen fiber is aligned 

as illustrated in mode I, the peak of collagen at 31º, which is produced by the crystallographic 

repeat units along the fiber direction, is exaggerated and the peak at 20º is diminished.  Therefore, 

the hydroxyapatite peak at 32º can overlap with the collagen peak (31º) but, the (002) peak of 

hydroxyapatite (26º) is supposed to be distinguished from the collagen peak.  In contrast to mode 

I, when mode II (Figure 4-2) is used, the collagen peak at 31º is subdued and the hydroxyapatite 

peak at 32º is distinguished from the collagen peak at 31º.   

Mineralized bovine tendon with mode I or mode II arrangement was scanned with Cu-Kα 

X-ray radiation from a Philips XRD 3720 at 40 KV and 20 mA, using a step size of 0.01° with a 

time of 1.25 sec/step, over a 2θ range of 4 - 40º (or 50º). 
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Scanning Electron Microscopy (SEM) Analysis  

Mineralized tendon was washed with de-ionized water several times and lyophilized by 

freeze drying for 24 hours.  Dried samples were mounted on an aluminum stub covered in 

double-sided copper tape, and then sputter coated with amorphous carbon.  The morphologies of 

the surface of mineralized collagen were then analyzed using a 6400 JEOL SEM at 15 kV.  For 

elemental analysis of mineralized tendon, energy dispersive x-ray spectroscopy (EDS) analysis 

was also done during SEM analysis.   

Transmission electron microscopy (TEM) analysis 

Micro-structural analysis was performed on a 200cx JEOL TEM (200 kV) with bright field 

(BF), dark field (DF) and selected area electron diffraction (SAED) modes to determine the 

crystallographic orientation of the embedded hydroxyapatite.  For transmission electron 

microscopy (TEM) analysis, mineralized tendon was pulverized into powder and then the 

powder dispersed in ethanol was applied as a drop onto a copper TEM grid.  In the case of un-

mineralized tendon, pulverized collagen powder on TEM grid was soaked in 

1 %phosphotungstic acid (PTA) for 30 second to stain the collagen fibrils.  To prevent electron 

charging, the samples on TEM grids were slightly coated with amorphous carbon.  For the 

compositional analysis, EDS attached to the TEM was done during TEM analysis.   

Thermogravimetric analysis (TG) 

Tendon was pulverized using liquid nitrogen and air-dried for 24 hours for the 

thermogravimetric analysis.  Tendon powder (10 – 20 mg) was transferred into Pt pan and fired 

under air condition.  The heating rate was 5ºC/minute and analysis was done between 30 and 

1200ºC.  To compare the degree of mineralization, the weight loss value at 600ºC was used 

because organic substances in tendon were totally burned off after 600ºC.    
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Results and Discussion 

Mineralization of Bovine Tendon with Low Molecular Weight Poly-aspartic Acid 

Mineralization of turkey tendon as a preliminary experiment   

When turkey tendon, which has oriented collagen fibrils, was examined by the powerful 

synchrotron X-ray source (λ = 0.652549 Å) with a specific sample arrangement shown in Figure 

4-3, the collagen peak generated by the organized repeat units in the direction of the fiber axis 

was exaggerated.  As shown in Figure 4-3, pure turkey tendon with a vertical arrangement 

(similar to mode I in Figure 4-2) to the incident beam has a broad peak at d = 0.29 nm due to the 

repeat units along the c-axis of collagen fiber.  As the intrafibrillar mineralization progressed by 

the PILP process, the (002) and (004) peaks were exaggerated, relative to what one would expect 

for a randomly oriented sample, which normally shows a lower relative intensity than that of the 

(211) peak at d = 0.278 nm.  This is because the geometry of the detector had a preference for the 

diffracted beam from the planes which are parallel to the incident beam.  With vertical 

arrangement of turkey tendon, the alignment of (002) planes of intrafibrillar hydroxyapatite are 

parallel to the incident beam, leading to the exaggeration of (002) peak.  After 4 days of 

mineralization, the (211) peak started to be developed from extraneous interfibrillar 

hydroxyapatite that was randomly deposited on the collagen surface without preferential 

orientation.  Comparison of this time series in the other mode, when turkey tendon was 

horizontally mounted on the stage with the fiber orientation parallel to the incident beam (similar 

to Mode II in Figure 4-2), the development of (002) and (004) peaks by the preferential 

orientation of hydroxyapatite was not observed, and the (211) peak of hydroxyapatite was 

developed from 3 days of reaction (Data is not shown here).  Further mineralization studies were 

also performed at UF, where samples were examined by the x-ray diffractometer in MAIC, 

which uses the reflectance mode in contrast to the synchrotron x-ray.  Since bovine tendon has 
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oriented collagen fibers, the fiber orientation against the incident beam should be considered to 

help distinguish the peaks of hydroxyapatite from exaggerated collagen peaks. 

Mineralization of bovine tendon    

When bovine tendons were mineralized by the PILP process, hydroxyapatite formation 

was not observed by the x-ray diffraction analysis.  As shown in Figure 4-4, pure bovine tendon 

has a broad peak at 31º due to the organized repeat units of collagen fibrils (d = 0.29 nm) when 

tendon was scanned by x-ray in mode I.  In the case of the control sample (tendon mineralized 

without an addition of polymer in the mineralization solution), the (002) peak was developed at 

26º and the (211) peak, which is supposed to develop at 32º, seemed to be overlapped by an 

exaggerated collagen peak at 31º.  On the other hand, when bovine tendons were mineralized by 

the PILP process containing various concentrations of poly-(α, β)-DL aspartic acid (Mw: 5,500 

Da), no hydroxyapatite peak was observed.  However, it is worthwhile to note that increases in 

the intensity of the collagen peak (31º) were observed from bovine tendons that were mineralized 

by the PILP process containing 25, 50, and 100 µg/ml of poly-(α, β)-DL aspartic acid.  It could 

be argued that, in contrast to pure bovine tendon, collagen fibers might have swollen and re-

arranged in the solution during the mineralization process (analogous to annealing).  This re-

arrangement of collagen fibrils might lead to the enhancement of peak intensity due to the 

increase in the size of ordered domains.  However, since pure tendon was soaked in de-ionized 

water for several hours prior to lyophilization for the x-ray analysis, the increase in the peak 

intensity is presumed to not be a consequence of the swelling or re-arrangement of collagen 

fibrils, but to some other factors.  We speculate that the chelation of calcium ion, or 

incorporation of this higher mass element between repeat units might enhance the scattering 

factor and lead to the increase of peak intensity.   
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When bovine tendons reacted with various solutions, some showed the increase in the peak 

intensity but some didn’t.  As shown Figure 4-5 A, when bovine tendon was reacted in a solution 

containing calcium (b), and when bovine tendon was mineralized by the PILP process (e), the 

intensity of the collagen peak (31º) was increased.  However, when bovine tendon was reacted 

with the solution containing calcium ions and 25 µg/ml of poly-aspartic acid, the increase in the 

peak intensity was not observed.  In the case of bovine tendon reacting with the phosphotungstic 

acid (PTA) for 30 minutes, all typical peaks from collagen were gone.  When the contribution of 

the pure collagen peak was subtracted from each of the x-ray patterns (Figure 4-5 B), the 

increase in the peak intensity was emphasized.  As shown in Figure 4-5 B, the increases in the 

intensity of collagen peak at 31º were observed for bovine tendon mineralized by the PILP 

process (e) and bovine tendon reacted with calcium solution (b).  On the other hand, the others 

showed no increase in the intensity (c) or an alteration of the x-ray pattern (d). According to 

Darwin [211, 212], the equation for peak intensity is given as  

                                          Ihkl = Io(l3/ω)(Vx L p A/V2)[Fhkl]2                                            (4.1)  

where Io = incident beam intensity, l = wavelength of radiation, ω = rotation velocity of crystal, 

Vx = volume of the crystal, L = Lorentz factor, p = polarization factor, A = absorption factor, V 

= volume of unit cell, [Fhkl] = structure factor.    

Of those variables, we are especially interested in [Fhkl] (structure factor) to explain the 

increase of the collagen peak intensity, because the rest of variables for the collagen peak at 31º 

are not expected to be changed dramatically by the reaction.  According to Cullity [210], the 

structure factor [Fhkl] is given as 

                                         [Fhkl] = Σ fn exp(2πi(hun+kvn+lwn))                                          (4.2) 
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where fn  = atomic scattering factor, (h, k, l) = miller index, (un, vn, wn) = coordination of atom 

position.   

In the case of the [Fhkl] (structure factor) function, the function must have a value of zero or some 

value given by integer (value of exponential term) × atomic scattering factor (fn).  In other words, 

if a structure of material can develop a peak at 2θ, which is determined by Bragg law depending 

on the d spacing between plane (d spacing depends on miller index), the structure factor for the 

peak at that 2θ has a value, but if a material does not develop a peak at that 2θ, the structure 

factor is zero due to 0 value of exponential term of equation (4.2).  Therefore, if the 

crystallographic repeat unit along the fiber direction is altered by external conditions, the peak 

will be developed at different 2θ because of the change in the value of [Fhkl].  In the case of the 

alteration of x-ray patterns in the bovine tendon reacting with PTA (d), the PTA incorporates at 

locations associated with specific functional groups of the polypeptide for the negative staining 

of the collagen fibril.  The negative staining of the collagen fibrils induces a new structural 

repeat unit of collagen, leading to new ordered structure with electron-dense PTA.  It is thought 

that the [Fhkl] function for new repeat unit produces a broad peak around 28º and 50º, and the 

high intensity from electron-dense PTA subdues the intensity of collagen peak, leading to a lack 

of an apparent peak at 31º.  In the case of bovine tendon reacting with calcium solution, there 

may be a chelation between negatively charged repeat units in the collagen and calcium ions 

without any change in the order of repeat units.  This can change the value of fn (atomic 

scattering factor).  The atomic scattering factor can be expressed as the ratio of the amplitude of 

a wave scattered by one atom to the amplitude of a wave scattered by one electron.  Therefore, 

the atomic scattering factor is normally increased as the atomic number of the element increases.  

This leads to the idea that the intensity of the peak at 31º can be increased due to a calcium 
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chelation or incorporation with repeat units leading to a high atomic scattering factor from 

calcium (fCa = around 14) .  The increase of peak intensity was most significant in the bovine 

tendon sample mineralized by the PILP process.  In this case, if the amorphous precursor was 

drawn into the interstices between the tropocollagen molecules, then the repeat units on these 

tropocollagen molecules might chelate or incorporate calcium (fCa = around 14)  and phosphate 

ions (fP = around 10), which could then provide a much higher atomic scattering factor value 

leading to the observed increase in peak intensity.  However, in the case of the bovine tendon 

sample that reacted with a solution containing calcium ions and poly-aspartic acid, it is thought 

that calcium ions may be more bound to the negatively charged polymer such that chelation 

between collagen repeat units and calcium ions may not be significant enough to increase the 

peak intensity. 

When collagen fibrils contain the amorphous precursor or transient polymorphs of 

hydroxyapatite, the amorphous precursor within the fibrils will be transformed into 

hydroxyapatite with time.  Therefore, if the increase of collagen peak intensity is caused by the 

amorphous calcium phosphate precursor incorporating with repeat units, hydroxyapatite peaks 

might develop from bovine tendon mineralized by the PILP process after aging in the tris-buffer 

solution.  As shown in Figure 4-6, after aging the sample, there was no significant change in the 

X-ray patterns of bovine tendon mineralized by the PILP process with 50 µg/ml of poly-aspartic 

acid.  However, when bovine tendon, was mineralized by the PILP process with 100 µg/ml of 

poly-aspartic acid for 6 days and then aged in the tris-buffer solution, a new apex of X-ray peak 

was developed at 32.01º, which corresponds to the (211) peak of hydroxyapatite.  To distinguish 

the hydroxyapatite peak at 32.01º from an overlapping collagen peak, the identical bovine tendon 

(Figure 4-6, 100 µg/ml Pasp) was scanned by the X-ray diffractometer with the mode II setup in 
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order to subdue the collagen peak at 31o but exaggerate the collagen peak at 22º.  As shown in 

Figure 4-7, the (211) peak at 32º was observed, indicating the amorphous calcium phosphate 

precursor was transformed into hydroxyapatite after the aging process.  However, no (211) peak 

was observed in bovine tendon mineralized by the PILP process with the lower concentration of 

50 µg/ml of poly-aspartic acid, even though the increase of collagen peak intensity was observed.  

This might be because the rate of transformation of precursor is different or the amount of 

precursor infiltrating into the collagen is different, depending on the concentration of polymer.  It 

is worth noting that the collagen peak at around 8º developed after the mineralization process.  It 

is thought that the peak intensity at 8º may increase due to the space between tropocollagen 

molecules being filled with amorphous precursor with high value of atomic scattering factor.  

The presence of high mass ions such as calcium and phosphate in the amorphous precursor was 

also observed by EDS.  As shown in Figure 4-8, collagen fibrils showed a contrast that is not 

seen in non-stained collagen fibrils; in addition, calcium and phosphate signals were detected by 

EDS.  These evidences, such as the development of the (211) peak of hydroxyapatite after aging, 

the contrast present in un-stained collagen fibrils, and the calcium and phosphate signals detected 

by EDS of the collagen fibrils, might support the hypothesis that the amorphous precursor drawn 

into collagen fibrils could increase the intensity of the collagen peak. 

As shown in Figure 4-9, clusters of hydroxyapatite were observed on bovine tendon 

mineralized by the conventional nucleation and growth method (control experiment) for 6 days, 

and EDS and X-ray diffraction analysis (Figure 4-4) also confirmed the precipitation of 

hydroxyapatite on bovine tendon.  On the other hand, there was no precipitation of 

hydroxyapatite clusters when bovine tendons were mineralized by the PILP process containing 

various concentrations (25, 50 and 100 µg/ml) of poly-(α, β)-DL-aspartic acid (Mw: 5,500 Da).  
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As shown in Figure 4-10, the surface of bovine tendon was very smooth and hydroxyapatite 

clusters were not observed.  In the case of EDS analysis, calcium and phosphate were detected 

from bovine tendons mineralized by the PILP process containing 50 and 100 µg/ml of poly-

aspartic acid, even though no hydroxyapatite coat formed by the agglomeration of precursor on 

the surface was observed.  It may be because the amorphous calcium phosphate precursor is 

drawn into collagen fibrils instead of depositing on the tendon surface.   

When bovine tendons mineralized by the PILP process containing 50 and 100 µg/ml of 

poly-aspartic acid were observed by TEM (Figure 4-11 C and D), the banding patterns of 

collagen fibrils were observed without staining.  Normally, the banding patterns of collagen 

fibrils are not observed without PTA staining because collagen fibrils are composed of 

polypeptides that cannot scatter electron beam strongly, as shown in Figure 4-11 A and B.  

Therefore, it is thought that the banding patterns in bovine tendon mineralized by the PILP 

process might be generated by electron dense scatterers with high mass, such as crystalline phase 

or amorphous calcium phosphate precursor drawn into the collagen fibrils [15].  As shown in 

Figure 4-11 C, the selective area electron diffraction patterns of collagen fibers showed diffuse 

rings generated by amorphous phase, implying that the banding patterns are generated by 

amorphous electron dense material.  Sometimes an amorphous calcium phosphate precursor that 

was not infiltrated into the collagen fibril was observed around collagen fibrils as shown in 

Figure 4-11 D.  

When bovine tendon was mineralized by the PILP process with low molecular weight 

polymer, the X-ray diffraction and TEM analysis showed that some amorphous precursor was 

infiltrated into collagen fibrils, even though intrafibrillar diffracting hydroxyapatite crystals were 

not observed.  It is thought that lower molecular weight polymer can successfully induce the 
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formation of amorphous calcium phosphate precursor by inhibiting the rapid nucleation of 

hydroxyapatite crystals.  However, most of calcium and phosphate ions were consumed as an 

agglomeration of a gel-like precursor in the solution, which prevented the effective infiltration of 

precursor into collagen fibrils.  Therefore, it is hard to argue that the poly-(α, β)-DL-aspartic acid 

with low molecular weight is reliable for the intrafibrillar mineralization of bovine tendon 

because it seems that there is variability in the types of amorphous phase that might be induced.  

Therefore, to more effectively mineralize bovine tendon via the PILP process, more 

considerations regarding the characteristics of the process-directing agent were required. 

Mineralization of Bovine Tendon with High Molecular Weight Poly-aspartic Acids 

Generally, the negative charge on the acidic polymer chains is increased as the molecular 

weight of the acidic polymers increases [213].  In the case of the PILP process for calcium 

phosphate system, the acidic polymer sequesters calcium and phosphate ions to form an 

amorphous precursor with water molecules.  Therefore, when the ability of the polymer to attract 

ions is mainly considered, the ability of the polymer to form amorphous precursors is expected to 

be enhanced as the negative charge of the polymer increases.  On the other hand, work in 

Gower’s group with the calcium carbonate PILP system found that higher molecular weight was 

not necessarily better for producing PILP (granular precipitates occur), and there was an optimal 

molecular weight range of 5 – 15 kDa.  Therefore, a range of poly-L-aspartic acid with different 

molecular weights (10,300 and 32,200 Da) was tested for the intrafibrillar mineralization of 

bovine tendon.  

After mineralizing bovine tendon via the PILP process with the highest molecular weight 

available, poly-L-aspartic acid (Mw: 32,200 Da), the formation of hydroxyapatite was observed 

by X-ray diffraction analysis.  As shown in Figure 4-12 c, the (002), (200) and (213) peaks of 
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hydroxyapatite developed after 8 days of mineralization.  An increase in intensity of the collagen 

peak at 31º was also observed, which was seen as well in bovine tendon mineralized by the PILP 

process with low molecular weight poly-aspartic acid (Mw: 5,500 Da).  However, in this case, 

the increase in the collagen peak intensity is thought to be caused by the overlap between 

collagen and hydroxyapatite peak at 32º.  When bovine tendon was mineralized by the PILP 

process containing poly-L-aspartic acid (Mw: 10,300 Da), an increase in collagen peak intensity 

(at 31º) was observed (Figure 4-12 b).  In this case, however, because there are no distinct peaks 

of hydroxyapatite crystals, so the increase in collagen peak intensity is thought to be caused by 

the chelation or incorporation of amorphous precursors between collagen fibrils.  For the higher 

molecular weight poly-L-aspartic acid (Mw: 32,200 Da), when the identical samples that had 

been scanned with mode I (Figure 4-12) were scanned with mode II (Figure 4-13), the (002) and 

(211) peaks of hydroxyapatite were observed.   

As shown in Figures 4-12 and 4-13, the oriented collagen fibrils in bovine tendon act as an 

obstacle in the X-ray analysis of mineralized bovine tendon.  Therefore, bovine tendon was 

minced to remove the uniaxial orientation of collagen fibrils.  As shown in Figure 4-14 a, the 

minced bovine tendon has three peaks at around 8º, 20º and 31º, which are readily observed now 

that the exaggerated collagen peaks caused by such strong orientational anisotropy were removed 

by mincing the bovine tendon.  When the minced bovine tendon was mineralized with the PILP 

process containing poly-L-aspartic acid (Mw: 32,200 Da), hydroxyapatite peaks, identical to the 

X-ray patterns of hydroxyapatite in bone, were observed (Figure 4-14 c).  In the case of 

hydroxyapatite in bone, because the size of the hydroxyapatite crystals is extremely small, and 

crystals contain defects, the (211), (112) and (300) peaks all in the vicinity of 32º are overlapped, 

leading to one broad peak at around 32º.  The X-ray patterns of mineralized bovine tendon also 



 

101 

showed a broad peak at 32º, and other peaks such as (002), (310), (222) and (213) were also 

observed, while the collagen peaks were subdued by the high intensity of hydroxyapatite crystals.  

On the other hand, when bovine tendon was mineralized with the PILP process containing 

intermediate molecular weight poly-L-aspartic acid (Mw: 10,300 Da), only one broad peak at 31º 

developed (Figure 4-14 b).  As discussed in the previous section, an increase in the intensity of 

the collagen peak at 31º was normally observed after mineralization due to the chelation or 

incorporation of amorphous precursors when the collagen peak was exaggerated by the oriented 

collagen fibers.  In this case, however, because the effect of oriented collagen fibrils on the X-ray 

diffraction analysis was reduced by the isotropic sample preparation, it is thought that the broad 

peak at 31º might be produced by amorphous calcium phosphate having short-range order.  

When bovine tendon was mineralized by the PILP process containing the poly-L-aspartic acid 

(Mw: 10,300 Da), as shown in Figure 4-15 A, the precipitation of hydroxyapatite clusters, 

normally observed in the conventional nucleation and growth method, was not observed.  

Moreover, there was no morphological change in the collagen fibrils before and after 

mineralization.  In the case of the EDS analysis (Figure 14-15 B), the content of calcium and 

phosphate ion was very low, which was expected from the X-ray diffraction analysis (Figure 14-

14 b).  When bovine tendon was mineralized by the PILP containing poly-L-aspartic acid (Mw: 

32,200 Da), no surface hydroxyapatite, such as hydroxyapatite clusters or a hydroxyapatite 

coating formed by the agglomeration of precursors, was observed, yet the EDS analysis showed 

a high content of calcium and phosphate ions.  Likewise, according to the X-ray analysis (Figure 

4-14 c), the bovine tendon was well mineralized with either nano-crystalline or poorly-crystalline 

hydroxyapatite.  Therefore, the calcium and phosphate detected by the EDS analysis are thought 

to have originated from hydroxyapatite crystals that are embedded within collagen fibrils.  This 
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intrafibrillar hydroxyapatite was also confirmed by TEM.  As shown in Figure 14-16 A, collagen 

fibrils showed banding patterns without the staining process, indicating the fibril contained 

electron dense material.  Also needle-like crystals, preferentially oriented in the direction of c-

axis of the collagen fiber, were also observed in the collagen fibrils.  The selective area electron 

diffraction (SAED) pattern (Figure 14-16 C) showed an almost identical diffraction pattern to 

that of bone hydroxyapatite, which is characterized by arcs ((002), (004)) produced by roughly 

uniaxially oriented hydroxyapatite.  When a dark field image of mineralized collagen fibrils was 

constructed with the electron beam diffracted by the (002) planes, as shown in Figure 14-16 B, 

needle-like white spots corresponding to (002) plane of hydroxyapatite were well-aligned along 

the c-axis of the collagen fibril.  The shape of hydroxyapatite crystals in bone is usually 

described as a platelet.  However, in the bright- and dark-field TEM images, because the side-

view of hydroxyapatite platelets was projected on the 2-dimentional screen, needle-like white 

spot were generated from the dark field image.  When examined by a high resolution (HR) TEM 

(Figure 4-17 B), an array of (002) planes with d-spacing of 0.34 nm was observed.  This 

HRTEM micrograph also shows that the [001] direction of hydroxyapatite, which is 

perpendicular to the (002) planes, was well-aligned along the c-axis of collagen fibril.   

To summarize, when bovine tendon was mineralized by the PILP process using the higher 

molecular weight poly-L-aspartic acid (Mw: 32,200 Da), intrafibrillar mineralization of collagen 

fibrils was successfully achieved and confirmed by TEM and HRTEM.  In the case of SEM 

observation, a surface precipitation of hydroxyapatite crystals or hydroxyapatite coat was not 

observed even though X-ray diffraction analysis of bovine tendon showed well-developed 

hydroxyapatite peaks.  Those results from SEM, TEM and X-ray diffraction may indicate that 

most of amorphous calcium phosphate precursors formed by the PILP process are drawn into the 
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collagen fibrils contributing to the intrafibrillar mineralization of collagen.  On the other hand, 

when bovine tendon was mineralized by the PILP process induced by intermediate molecular 

weight poly-L-aspartic acid (Mw: 10,300 Da), although a broad peak (probably produced by the 

amorphous calcium phosphate) developed in the X-ray diffraction analysis, and only a small 

amount of calcium and phosphate was detected by EDS, the intrafibrillar mineralization was not 

observed by TEM.  It is thought that only small portions of precursor formed by the poly-L-

aspartic acid (10,300 Da) could infiltrate into the collagen fibrils.  It is not clear why most of the 

precursor formed by poly-L-aspartic acid (10,300 Da) is not drawn into the collagen fibrils.  We 

speculate that calcification inhibitors in bovine tendon may effectively prevent the infiltration of 

precursors, or the precursor formed by lower molecular weight polymer which may have 

different properties, such as size or surface charge, in comparison to the properties of the 

precursor formed by high molecular weight polymer, which might influence its adsorption to the 

collagen, or wetting and uptake via capillary action.    

Improvement of Mineralization of Bovine Tendon by EDTA Treatment 

As I mentioned in the introduction, bovine tendon has rarely been used to investigate bone 

formation because bovine tendon is not naturally mineralized, presumably due to calcification 

inhibitors preventing mineralization of the collagen fibrils [214].  In contrast to bovine tendon, 

turkey tendon has frequently been used as a model of secondary bone formation because turkey 

tendons are naturally mineralized with an intrafibrillar nano-structure.  The study described in 

the previous section seemed to suggest that inhibitors may be present in the bovine tendon since 

the lower molecular polymer that had been successful with other collagen scaffolds did not 

perform well with the bovine tendon. Therefore, to investigate the possibility of inhibitors being 

present that might inhibit the intrafibrillar mineralization of bovine tendon, we tried to see if we 

could extract inhibitors from the tendon using a process described by Glimcher group [215].  The 



 

104 

followings results compare the mineralization behavior of bovine tendon with and without these 

so called calcification inhibitors.  

Besides the calcification inhibitors, bovine tendon also has a physical barrier which 

prevents the mineralization of tendon via the PILP process.  The collagen fiber bundles in bovine 

tendon are surrounded by epitendineum, which is a white fibrous sheath indicated by the white 

circle in Figure 4-18.  This sheath may act as a physical barrier which prevents infiltration of the 

amorphous precursor.  For example, when EDS analysis was done at the region (black circle) 

where the collagen fibers had been exposed to the mineralization solution, a high amount of 

calcium and phosphate was detected because the collagen fibrils were mineralized by the PILP 

process.  However, calcium and phosphate peaks were not observed from sampling the region 

surrounded by the epitendineum, even though the EDS analysis for the neighboring region (black 

circle) showed calcium and phosphate.  Therefore, this physical barrier may be one factor 

preventing the mineralization of bovine tendon.  

The inhibitors in bovine tendon were removed by treatment with EDTA 

(ethylenediaminetetraacetic acid), which was used by Glimcher group in their study on chicken 

bone matrix to extract non-collagenous proteins [215].  Bovine tendon was minced and soaked in 

0.5 M of EDTA solution, and then stored at 4oC for 3 weeks.  When EDTA-treated bovine 

tendon was mineralized by the PILP process containing poly-L-aspartic acid (Mw: 10,300 Da), 

the intrafibrillar mineralization of EDTA-treated bovine tendon was successfully achieved, even 

though the lower molecular weight poly-L-aspartic acid previously gave poor results of 

intrafibrillar mineralization.  As shown in Figure 4-19, bovine tendon was not mineralized very 

well by the PILP process and only a broad peak, probably produced by a small amount of 

amorphous calcium phosphate, was observed when poly-L-aspartic acid with a molecular weight 
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of 10,300 Da was used.  However, when the EDTA-treated bovine tendon was mineralized with 

poly-L-aspartic acid (Mw: 10,300 Da), the peaks of hydroxyapatite (identical to those of bone 

hydroxyapatite) were observed after 8 days of mineralization.  In the case of TEM observation, 

the SAED pattern of the mineralized bovine tendon pre-treated by EDTA was almost identical to 

that of bone hydroxyapatite (Figure 4-20 C).  The dark field image constructed by the (002) arc 

showed that hydroxyapatite crystals were well-aligned along the fiber direction (Figure 4-20 B).  

These results show that the removal of inhibitors can enhance the intrafibrillar mineralization of 

bovine tendon via the PILP process.    

When an even lower molecular weight polymer (poly-(α, β)-DL-aspartic acid (Mw: 5,500 

Da) was used for the intrafibrillar mineralization of pure bovine tendon, as shown in Figure 4-21 

(upper pattern), there was no peak corresponding to hydroxyapatite or amorphous calcium 

phosphate.  However, with EDTA-treatment, a broad peak at 31º was observed, and the intensity 

of the collagen peak at 8º was decreased.  This trend in the X-ray analysis of mineralized bovine 

tendon was similar to that observed in the tendon mineralized with poly-L-aspartic acid (Mw: 

10,300), as was shown in Figure 4-14.  These results show that the amount of amorphous 

precursor that can infiltrate into the collagen fibrils can be enhanced once the calcification 

inhibitors are removed by the EDTA treatment.   

The amount of amorphous precursor drawn into collagen fibrils can be estimated by 

thermogravimetric analysis (TGA).  The organic substances, such as collagen and non-

collagenous proteins, are entirely combusted and decomposed between 150 and 600ºC.  

Therefore, the remaining material in the platinum pan at 600ºC is considered the mineral content 

(since the pure collagen leaves no ash at this temperature).  As shown in Figure 4-22, the mineral 

content of bovine tendon mineralized with high molecular weight poly-L-aspartic acid (Mw: 
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32,200 Da) was 24 wt%.  On the other hand, bovine tendon mineralized with low molecular 

weight poly-L-aspartic acid (Mw: 10,300 Da) contained only 6 wt% of mineral at 600oC.  These 

results were expected from the X-ray diffraction analyses (Figure 4-14), in which only bovine 

tendon mineralized with high molecular weight poly-L-aspartic acid (Mw: 32,200 Da) showed 

hydroxyapatite peaks.  However, when EDTA-treated bovine tendon was mineralized with low 

molecular weight poly-L-aspartic acid (Mw: 10,300 Da), the mineral content of bovine tendon 

doubled (6 wt%  12 wt%), again, as expected from X-ray diffraction analysis and TEM 

observation.  Importantly, the mineral phase in TG analysis can be considered to have originated 

from intrafibrillar mineral, because the precipitation of hydroxyapatite clusters or hydroxyapatite 

coatings was not observed from SEM analysis.  In the case of bovine tendons (EDTA-treated and 

pure tendon) mineralized with low molecular weight poly-L-aspartic acid (Mw: 10,300), the 

mineral content of EDTA-treated bovine tendon was about 12 wt%, twice that of pure bovine 

tendon (without EDTA-treatment).  Moreover, because identical poly-L-aspartic acid was used 

to induce the PILP process, the properties of precursor should be same for the mineralization of 

both tendons (pure and EDTA-treated).  Therefore, it seems that calcification inhibitors in bovine 

tendon can prevent the infiltration of amorphous precursors.  Although it is not clear how 

inhibitors can prevent the infiltration of precursors, we speculate that inhibitors might alter the 

surface chemistry.  For example, if they are enriched with acidic amino acids, the scaffold might 

repel the precursor containing acidic polymer, Ca2+ and PO4
3-, or they might cause steric 

hindrance around the gap zone to prevent the infiltration of precursor.  In the case of bovine 

tendon mineralized with high molecular weight poly-L-aspartic acid (Mw: 32,200 Da), the 

mineral content was about 24 % even though the bovine tendon contained the calcification 

inhibitors.  This implies that the precursor formed by the high molecular weight poly-L-aspartic 
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acid can infiltrate into the collagen fibrils even in the presence of calcification inhibitors which 

prevents the infiltration of precursor formed by low molecular weight polymer.  Moreover, it is 

worthwhile to note that the inhibitors seem to prohibit the rapid crystallization of amorphous 

precursor.  In the case of bovine tendon mineralized with low molecular weight polymer (Mw: 

10,300 Da), while bovine tendon contained 6 wt% of inorganic phase (TG analysis), X-ray 

diffraction did not show the development of hydroxyapatite after 8 days of mineralization.  

However, when the calcification inhibitors were removed by the EDTA treatment, 

hydroxyapatite was developed after 8 days of reaction.  It is not clear why the precursor formed 

by high molecular weight polymer can infiltrate into collagen fibrils containing the calcification 

inhibitors.  We speculate that the precursor formed by the high molecular weight poly-L-aspartic 

acid may have internal and interfacial conditions, such as small size, high fluidity, or a 

specifically charged interface, leading to the effective intrafibrillar mineralization of bovine 

tendon, even with the calcification inhibitors.      

Conclusion 

When bovine tendon mineralized by the PILP process with low molecular weight poly-

aspartic acid (Mw: 5,500 Da) was scanned by X-ray, the intensity of collagen peak (31o) was 

increased after the mineralization process, which I believe is due to amorphous calcium 

phosphate precursor or ion chelation with the repeat units of the polypeptides.  However, the 

intrafibrillar crystals were not observed.       

When bovine tendon was mineralized by the PILP process containing the high molecular 

weight poly-L-aspartic acid (Mw: 32,200 Da), X-ray diffraction, SEM and TEM analysis showed 

that the bovine tendon was intrafibrillarly mineralized by the amorphous precursor formed by the 

higher molecular weight poly-aspartic acid.  Even though bovine tendon contains calcification 

inhibitors, the tendon contained about 24 wt% of intrafibrillar hydroxyapatite after the 
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mineralization process.  When bovine tendon was mineralized by the PILP process containing 

low molecular weight poly-L-aspartic acids (Mw: 10,300 Da), very small amounts of precursor 

infiltrated into the bovine tendon due to the calcification inhibitors.  X-ray diffraction showed 

only a broad peak of amorphous calcium phosphate.  However, no hydroxyapatite peak was 

observed.  The removal of inhibitors by the EDTA treatment enhanced the intrafibrillar 

mineralization of bovine tendon with this lower molecular weight polymer (Mw: 10,300 Da), 

and there was some collagen peak enhancement and development of amorphous calcium 

phosphate peak with the lowest molecular weight polymer (Mw: 5,500 Da).  While bovine 

tendon mineralized with low molecular weight polymer (Mw: 10,300 Da) contained only 6 wt% 

of mineral, the EDTA-treated bovine tendon contained 12 wt% of mineral after mineralization.     
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Figure 4-1.  Collagen fibrils and structural factors producing peaks in X-ray diffraction analysis.  
Collagen fibrils produce three distinct broad peaks due to a) repetative amino acid 
units along the polypeptide chains (0.29 nm), b) average distance between peptide 
chains within a tropocollagen helix(0.45 nm), and c) lateral spacing of the 
tropocollagens (1.08 nm).  In the case of X-ray using Cu(Kα) radiation, a) produces a 
peak at around 31º, b) produces a peak at around 20º and c) produces a peak at around 
8º.  Image was borrowed from 
http://web.mit.edu/3.082/www/team1_f02/collagen.htm [216]. 

 
 
 
 
 
 
 

c) 

b) 

a) 

http://web.mit.edu/3.082/www/team1_f02/collagen.htm�


 

110 

 
 
 

 
 
Figure 4-2.  Schematic diagram illustrating the alignment of collagen fibers in bovine tendon 

relative to the x-ray beam path.  Because the collagen fibers in bovine tendon are well 
aligned, three distinguished peaks of collagen fibers from powder X-ray diffraction 
change depending on the alignment of the fibers to the beam.  The position of the 
three collagen peaks, with 2θ around 8 (d=1.08nm), 20 (d=0.45 nm) and 31 (d=0.29 
nm) degrees, could overlap with the typical peaks of hydroxyapatite, with 2θ around 
26 (002) and 32 (211) degrees.  Therefore, two types of sample alignment are 
required to avoid the peak-overlap and to distinguish the typical peaks of 
hydroxyapatite.  With mode I, the (002) peak of hydroxyapatite should be 
distinguishable, but the (211) peak will overlap with the collagen peak.  With mode 
II, the hydroxyapatite (211) peak is emphasized, but the (002) peak overlaps with the 
collagen peak.  All samples for XRD analysis were lyophilized to minimize the 
collapse or shrinkage of collagen structure during the drying process.          
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Figure 4-3.  The XRD patterns of turkey tendon mineralized with the PILP process for various 

times (black: 0 day, red: 3 days of mineralization, blue:  4 days of mineralization).  
Synchrotron X-ray source (λ = 0.652549 Å) was used for the characterization.  The 
reaction concentrations of calcium chloride and potassium phosphate were 4.5 mM 
and 2.1 mM, respectively.  Poly-aspartate (Mw: 6,200 Da) was added as a process-
directing agent for the PILP process (100 µg/ml).  The orientation of aligned collagen 
fibers in the turkey tendon was adjusted to be perpendicular to the direction of 
incident X-ray beam to examine the effect of preferential orientation of intrafibrillar 
hydroxyapatite, in which the (002) planes are aligned along the fiber orientation.   
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Figure 4-4.  The XRD patterns of bovine tendon mineralized by the PILP process for 6 days.  
The mineralization solution contained 4.5 mM of calcium chloride, 2.1 mM of 
potassium phosphate and various concentrations of poly-(α,β)-DL-aspartic acid (Mw: 
5,500 Da).  Control sample didn’t contain poly-aspartic acid.  Because mode I was 
used, the intensity of the collagen peak around 31º is emphasized.  Therefore, the 
formation of hydroxyapatite should be confirmed by the (002) peak around 26º (black 
dot at the control samples).  
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Figure 4-5.  The XRD patterns (mode I) of bovine tendons reacted with various reaction 

solutions.  B) To investigate the increase in peak intensity of bovine tendon after each 
treatment, the contribution of untreated collagen (a) was subtracted from each of the 
XRD patterns shown in A).  (a) Bovine tendon washed with de-ionized water several 
times and lyophilized.  (b) Bovine tendon reacted with 4.5 mM of calcium chloride 
solution for 6 days.  (c) Bovine tendon reacted with 4.5 mM of calcium chloride 
solution containing 25 µg/ml of poly-(α,β)-DL-aspartic acid (Mw: 5,500 Da) for 6 
days.  (d) Bovine tendon stained with phosphotungstic acid for 30 minutes.  (e) 
Bovine tendon mineralized by the PILP process with 50 µg/ml of poly-(α,β)-DL-
aspartic acid (Mw: 5,500 Da) for 6 days.  The peak intensity at around 31º increased 
when the tendon was reacted with the calcium solution and the PILP mineralization 
solution.      
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Figure 4-6.  The XRD patterns (mode I orientation) of bovine tendon mineralized by the PILP 
process with various concentration of poly-(α,β)-DL-aspartic acid (Mw: 5,500 Da) for 
6 days.  After XRD analysis, mineralized bovine tendons were re-soaked in a tris-
buffer solution for 6 days to induce the crystallization of any amorphous precursor 
that may be present, without additional calcium and phosphate sources from solution.  
Red lines indicate 31.17º and 32.01º, the peaks associated with collagen and (211) 
peak of hydroxyapatite, respectively. 
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Figure 4-7.  The XRD patterns (Mode II orientation) of bovine tendon mineralized by the PILP 
process with various concentrations of poly-(α,β)-DL-aspartic acid (Mw: 5,500 Da) 
for 6 days.  After XRD analysis, mineralized bovine tendons were re-soaked in a Tris-
buffer solution for 6 days to induce the crystallization of amorphous precursors 
without calcium and phosphate sources.  Because Mode II was used, the formation of 
hydroxyapatite should be confirmed by the (211) peak at around 32º (black dot).   
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Figure 4-8.  The EDS analysis of bovine tendon mineralized via the PILP process with 50 µg/ml 
of poly-(α, β)-DL-aspartic acid for 6 days.  Cu signal is generated by copper grid and 
reflected beam from chamber.  EDS analysis was done at the area showing high 
contrast (Point with “Spectrum” indicates the position where EDS analysis was 
performed).   
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Figure 4-9.  The SEM micrographs of the surface of bovine tendon mineralized without poly-
aspartic acid.  The hydroxyapatite crystals on the surface of the tendon which is 
exposed to the X-ray beam in Mode I (left) and (right), a magnified image of the platy 
hydroxyapatite crystals.  EDS analysis (bottom middle) was done to confirm the 
calcium phosphate crystals.    
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Figure 4-10.  The SEM micrographs and EDS analysis of bovine tendons mineralized with the 

PILP process containing various concentrations of poly-(α,β)-DL-aspartic acid.  
Bovine tendons were mineralized with 25 (A, B), 50 (C, D) and 100 (E, F) µg/ml of 
poly-(α,β)-DL-aspartic acid for 6 days. 
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Figure 4-11.  The TEM micrographs of bovine tendon before (A, B) and after (C, D) 
mineralization.  Tendon was mineralized by the PILP process with C) 50 and D) 100 
µg/ml of poly-(α, β)-DL-aspartic acid for 6 days.  Inset in sample C) shows the 
selective area electron diffraction pattern, in which a diffuse ring indicates only 
amorphous material is present.    
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Figure 4-12.  The XRD patterns (Mode I) of bovine tendons mineralized with the PILP process 
containing poly-L-aspartic acid (polyAsp) for 8 days, investigating the effect of 
polyAsp of different molecular weights (10,300 and 32,200 Da) on mineralization.  
The concentration of polymer was fixed to 100µg/ml.  a: bovine tendon without 
mineralization, b: molecular weight of polyAsp is 10,300 Da, c: molecular weight of 
polyAsp is 32,200 Da. 
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Figure 4-13.  The XRD patterns (Mode II) of bovine tendons mineralized with different 
molecular weight polymers via the PILP process containing 100 µg/ml of poly-L-
aspartic acid (polyAsp) for 8 days.  a: bovine tendon without mineralization, b: 
molecular weight of polyAsp is 10,300 Da, c: molecular weight of polyAsp is 32,200 
Da.     
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Figure 4-14.  The XRD patterns of isotropic bovine tendons mineralized with the PILP process 
containing 100 µg/ml of poly-L-aspartic acid (polyAsp) for 8 days.  To minimize the 
orientation effect of aligned collagen fibers in bovine tendon, bovine tendon was 
minced and lyophilized before mineralization.  a: bovine tendon without 
mineralization, b: molecular weight of polyAsp is 10,300 Da, c: molecular weight of 
polyAsp is 32,200 Da. 
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Figure 4-15.  The SEM micrographs and EDS analysis of bovine tendons mineralized with the 

PILP process containing 100 µg/ml of poly-L-aspartic acid (polyAsp) for 8 days.  The 
molecular weights of polyAsp added for the PILP process were 10,300 Da (A, B) and 
32,200 Da (C, D).  Bovine tendon was minced and lyophilized before mineralization.   
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Figure 4-16.  The TEM analysis of bovine tendon mineralized with the PILP process containing 

100 µg/ml of poly-L-aspartic acid (Mw ; 32,200 Da) for 8 days.  A) Bright-field TEM 
image of bovine tendon, B) Dark field TEM image constructed from the 002 arc of 
the diffraction pattern shown in C), shows bright streaks corresponding to the 
numerous well-oriented nanocrystals of hydroxyapatite; and C) the corresponding 
selected area electron diffraction pattern of the mineralized bovine tendon shown in 
A).  
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Figure 4-17.  High resolution TEM (HRTEM) micrographs of bovine tendon mineralized with 
the PILP process containing 100 µg/ml of poly-L-aspartic acid (Mw: 32,200) for 8 
days.  A) Bright-field image of bovine tendon, B) lattice image of aligned 
hydroxyapatite.  The d-spacing of the (002) plane of hydroxyapatite (0.34 nm) is 
indicated on B (red arrow),  and fiber direction is also indicated (white arrow).  
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Figure 4-18.  The SEM micrographs and EDS analysis of bovine tendons mineralized with the 
PILP process containing 100 µg/ml of poly-L-aspartic acid (Mw: 32,200 Da) for 8 
days.  EDS analysis was done for a region composed of exposed collagen fibers (left 
EDS spectrum) and the region covered with epitendineum (right EDS spectrum), 
which shows no mineral content, indicating that the mineral precursor was unable to 
penetrate the sheath.   
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Figure 4-19.  The XRD patterns of bovine tendon and EDTA-treated bovine tendon which were 
mineralized by the PILP process containing 100 µg/ml of poly-L-aspartic acid (Mw: 
10,300 Da) for 8 days.  For EDTA treatment, minced bovine tendon was reacted with 
EDTA at 4ºC for 3 weeks.  This treatment dramatically enhanced the mineralization 
process, presumably by removing some type of inhibitory species.   
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Figure 4-20.  The TEM micrographs of EDTA-treated bovine tendon mineralized with the PILP 

process containing 100 µg/ml of poly-L-aspartic acid (Mw: 10,300 Da) for 8 days.  
A) Bright-field TEM image of mineralized bovine tendon, and B) Dark-field TEM 
image constructed with the 002 arc, and C) selected area electron diffraction pattern 
of this mineralized bovine tendon. 
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Figure 4-21.  The XRD patterns of bovine tendon and EDTA-treated bovine tendon which were 
mineralized by the PILP process containing 100 µg/ml of poly-(α, β)-DL-aspartic 
acid (Mw: 5,500 Da) for 8 days.  For EDTA treatment, minced bovine tendon was 
reacted with EDTA at 4ºC for 3 weeks.  When EDTA-treated tendon was mineralized 
by the low molecular weight polymer, the peak corresponding to amorphous calcium 
precursor (around 31º) was developed. 
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Figure 4-22.  Thermogravimetric analysis (TGA) of bovine tendons mineralized by the PILP 
process containing 100 µg/ml of poly-L-aspartic acid (Mw:10,300 or 32,200 Da) for 
8 days.  Heating rate of TGA was 5ºC/minute, and air flow was controlled to 100 
cc/minute.  The mineral content of the bovine tendon composites at 600ºC are 
indicated.   

 

 

 

 

200 400 600 800 1000 1200

0

20

40

60

80

100  Pure tendon
 tendon mineralized with Pasp (Mw:10,300)
 EDTA-treated tendon mineralized with Pasp (Mw:10,300)
 tendon mineralized with Pasp (Mw:32,200)

0%
6 %
12 %

24 %

 

 
W

ei
gh

t L
os

s (
%

)

Temperature (oC)



 

131 

CHAPTER 5 
MINERALIZATION OF SYNTHETIC COLLAGEN SPONGE VIA THE PILP PROCESS 

Introduction  

Collagen is a natural organic polymer found in various types of connective tissues, such as 

bone, cartilage, ligament and skin [81].  Among the 27 types of collagens identified, more than 

90% of the fibrous ones are type I collagen present in bone [82].  As mentioned in chapter 2, the 

type-I collagen fibril is composed of tropocollagens in which 3 distinct polypeptides having 

(Gly-X-Y)n sequences are self-assembled with a triple helix structure [83, 84].  Those 

tropocollagens then self-assemble into a collagen fibril with the quarter-staggered arrangement, 

leading to gap zones and grooves in the collagen fibrils which are thought to be very important 

for the intrafibrillar mineralization of collagen via the PILP precursor mechanism [15, 85, 86]. 

Collagen itself is considered an osteoconductive and biodegradable natural polymer, and 

much research has been done in the bone graft area to produce synthetic collagen scaffolds for 

the development of bone grafts with collagen itself, or combined with other substances such as 

hydroxyapatite or growth factors [4, 217, 218].  To prepare a synthetic collagen scaffold 

(reconstituted collagen), first one must obtain the molecular protein by the following steps, 

including extraction, separation, purification, fibrillogenesis, and lyophilization [137].  Normally, 

collagen is extracted from various natural collagen sources, such as porcine skin, bovine tendon 

or human placenta, and then by dissolving these sources in HCl solution and filtering the solution 

[84, 219].  Since collagen sources normally contain insoluble and soluble forms of collagen, 

soluble collagen is usually separated from the extract to produce the synthetic scaffold.  The 

soluble collagen molecules are separated from the extract by the addition of NaCl, which 

precipitates soluble collagen molecules by decreasing their solubility [137].  The precipitates are 

re-dissolved in acidic solution, and purified with dialysis against an aqueous phosphate buffer at 
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4oC.  A reconstituted collagen fibril is then produced by fibrillogenesis, which is induced by the 

control of pH, temperature, and a collagen scaffold (sponge) is formed by lyophilization [137].  

 Natural collagen scaffolds can also be produced by a demineralization process.  The 

inorganic substance (hydroxyapatite) of bone can be removed by EDTA or a diluted HCl 

solution, resulting in demineralized bone matrix (DBM) that has been used in bone grafts for 

decades [4].  Demineralized bone matrix is known as an osteoinductive bone graft because the 

undifferentiated stem cells surrounding the DBM can be differentiated into osteogenic cells and 

later transformed into osteoblast cells by growth factors in DBM.  It is known that growth factors, 

which were not extracted by the demineralization process, induce the differentiation and 

proliferation of stem cells into osteogenic cells [220].  However, although the DBM has a 

remarkable osteoinductive ability due to the intact growth factors such as bone morphogenetic 

proteins (BMPs), the uses of DBM are limited because those intact proteins after the 

demineralization process can lead to problems, such as immunogenic response from host and 

species-to-species transmissible diseases [137, 221].  Therefore, the uses of synthetic collagen 

scaffolds, which are purified with chemical and physical treatments, have been growing in 

interest for bone graft, tissue engineering or drug delivery systems.   

In regards to the development of synthetic bone grafts, the mineralization of synthetic 

collagen scaffolds has been a key issue because a mineralized collagen scaffold with the 

fundamental structure of bone is expected to replace the use of autograft tissue, which is 

considered the gold-standard of bone grafting.  There have been many attempts to develop bone-

like collagen/hydroxyapatite composites by using the conventional nucleation and growth 

method [59, 183, 184].  However, while those methods, in which a collagen substrate is used for 

inducing the nucleation of hydroxyapatite, have achieved several successes in fabricating simple 
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collagen/hydroxyapatite composites, they are not able to produce a collagen/hydroxyapatite 

composite with the nanostructure of bone [4, 45].  Our group has introduced a novel technique 

called the polymer-induced liquid-precursor (PILP) process, from which we have developed a 

collagen/hydroxyapatite composite with the fundamental structure of bone, in which nano-

hydroxyapatite crystals are embedded in the collagen fibril [15, 26, 198].  However, systematic 

researches on the conditions that are optimal for mineralization of synthetic collagen sponges via 

the PILP process were needed.  In particular, the collagen used in our group’s initial studies was 

no longer available because the supply of this collagen sponge (Cellagen®) was no longer 

available through Sigma (via a Japanese based supplier; presumably over concerns about mad 

cow disease).  This limited us to a less-than-comprehensive understanding of the role of the PILP 

process in the calcium phosphate mineralization system.  

Since then, a more stable supply of a synthetic collagen sponge with an appropriate 

structure for intrafibrillar mineralization (i.e., fibrillar type I collagen with the native banding 

pattern) was found to be available through a domestic company called Collagen Matrix Inc..  

Therefore, systematic research into the mineralization of synthetic collagen sponges via the PILP 

process has resumed, which includes testing various reaction parameters (such as polymer 

molecular weight), and characterization by XRD, SEM, TEM and TG/DTA.  The results of this 

work lead us closer to the development of bone-like collagen/hydroxyapatite composites that 

may provide a high purity, synthetic bone graft to augment or replace the limited supply of 

autograft and allograft tissues.   

Materials and Methods 

Mineralization of Collagen Sponges   

As a collagen scaffold for a mineralization, synthetic collagen sponge was purchased from 

Collagen Matrix, Inc. (New Jersey, USA).  The dimensions of the collagen sponge disc are 13 



 

134 

mm in diameter and 3 mm in a thickness.  The density of the sponge is 0.04 g/cm3 and the 

estimated pore size (provided by the company) varies from 75 to 350 µm.  The collagen sponge 

was pre-washed with de-ionized water to remove any salts or chemical agents introduced during 

fabrication.  The collagen sponge disc was cut in half into a semicircular shape.  Four semicircle 

collagen sponges were mineralized in 500 ml of mineralization solution.  The ratio of number of 

sponges to volume of solution was maintained constant between every mineralization experiment.            

The mineralization solution was prepared by mixing equal volumes of CaCl2·2H2O (9 mM) 

and K2HPO4 (4.2 mM).  To maintain the pH of the mineralization solution at 7.4 during the 

reaction, each stock solution was made by dissolving the calcium and potassium salts in tris-

buffer solution containing 0.9 wt% of NaCl.  Poly-aspartates with different molecular weights 

were used as the PILP process-directing agent.  Poly-(α,β)-DL-aspartic acid sodium salt  (Mw : 

5500 Da) or poly-L-aspartic acid sodium salt (Mw : 10,300 or 32,200 Da) was added to the 

CaCl2·2H2O (9 mM) stock solution before mixing in the counterion stock solution, and the 

concentration of polymer was fixed at 50 µg/ml.  Collagen sponges were soaked in the 

mineralization solution under vacuum conditions for 30 minutes to remove any air bubbles 

trapped in the pores of the sponge.  The reaction was run in a 37oC oven to emulate physiological 

conditions.  After certain reaction times, the mineralized collagen sponge was washed with de-

ionized water several times and lyophilized for 24 hours to reduce the structural changes that 

occur in collagen fibrils during the drying process.  

X-Ray Diffraction (XRD) analysis 

Because the collage sponge is composed of collagen fibers randomly distributed, the x-ray 

diffraction analysis settings (Modes I and II) used for the tendon analysis, were not needed for 

the isotropic order of the synthetic sponge.  Mineralized collagen sponges were scanned with Cu-

Kα X-ray radiation from a Philips XRD 3720 at 40 KV and 20 mA, using a step size of 0.01° 
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with a time of 1.25 sec/step, over a 2θ range of 24 - 40º to observe the major hydroxyapatite 

peaks developed at around 26º (002) and 32º (combination of (211), (112) and (300)). 

Scanning Electron Microscopy (SEM) Analysis  

The mineralized collagen sponge was washed with de-ionized water several times and 

lyophilized by freeze drying for 24 hours.  Dried samples were mounted on an aluminum stub 

covered in double-sided copper tape, and then sputter coated with amorphous carbon.  The 

morphologies of the surface of mineralized collagen were then analyzed using a 6400 JEOL 

SEM at 15 kV.  For elemental analysis of mineralized tendon, energy dispersive x-ray 

spectroscopy (EDS) analysis was done during SEM analysis.   

Transmission electron microscopy (TEM) analysis 

Micro-structural analysis was performed on a 200cx JEOL TEM (200 kV) with bright filed 

(BF), dark field (DF) and selected area electron diffraction (SAED) modes to determine the 

crystallographic orientation of the embedded hydroxyapatite.  For transmission electron 

microscopy (TEM) analysis, the mineralized collagen sponge was pulverized into powder.  The 

powder was then dispersed in ethanol and then applied as a drop onto a copper TEM grid.  To 

prevent electron charging, the sample was slightly coated with amorphous carbon.   

Thermogravimetric and Differential Thermal Analysis (TG/DTA) 

The mineralized collagen sponge was pulverized using liquid nitrogen and dried at air for 

24 hours in preparation for thermogravimetric and differential thermal analysis (TG/DTA).  

Collagen sponge powder (10 – 20 mg) was transferred into a platinum pan and fired under air 

conditions.  Alumina powder was used for the standard.  Analysis was conducted from 30 to 

800oC with a heating rate of 5oC/minute.  To compare the degree of mineralization, the weight 

loss value at 600oC was interpreted as the mineral content because organic substances within the 

collagen sponge are totally combusted before 600oC in the oxygen-containing environment.  In 
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some cases, a peak area under exothermic reaction peak was calculated by the analysis program 

in the instrument.    

Results and Discussion 

Mineralization of Collagen Sponges by the PILP Processes Induced by the Different 
Molecular Weight Poly-aspartic Acids 

In the mineralization of bovine tendon, which contained calcification inhibitors, the degree 

of mineralization via the PILP process depended on the molecular weight of the poly-aspartate 

additives.  This correlation of the polymer molecular weight dependence on the intrafibrillar 

mineralization of collagen fibrils needed to be confirmed with the synthetic collagen sponge 

system since it has no inhibitors.  When the collagen sponge was mineralized with the PILP 

process containing the poly-(α, β)-DL-aspartic acid (Mw: 5,500 Da), no hydroxyapatite peaks 

were observed, even after 16 days of mineralization (Figure 5-1), which is generally long enough 

to find mineral in this system.  Instead of a hydroxyapatite peak, a broad peak around 31o was 

observed after 3 days of reaction.  The intensity, however, of this broad peak at 31o did not 

increase proportionately as the mineralization progressed.  It is thought that this peak is produced 

by a small amount of amorphous calcium phosphate with short-range order, and the differences 

in surface roughness between samples may cause a non-proportional increase in intensity.  The 

high intensity of amorphous calcium phosphate peak (between 31º and 32º) from the sample after 

3 days of mineralization (Figure 5-1) may be considered as a peak from crystalline phase due to 

the peak intensity as high as the intensity of (211) peak of hydroxyapatite crystal (shown in 

Figure 5-4).  However, because no (002) peak, which theoretically has a high relative intensity 

(54 out of 100), was observed, it was still considered as an amorphous phase. 

It is worthwhile to note that there was an agglomeration of amorphous precursor in the 

solution as the mineralization progressed, when low molecular weight polyaspartate (Mw: 5,500 
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Da) was used for the PILP process.  As shown in Figure 5-2 A, a spongy film formed by the 

agglomeration of amorphous precursor was observed on the glass slide on which the collagen 

sponges were resting.  When collected for observation by TEM (Figure 5-2 B), SAED patterns of 

agglomerates showed a diffuse ring indicating that the precursor was amorphous even after 6 

days of reaction.  In contrast to hydroxyapatite clusters that are normally precipitated from 

solution and deposited on the slide in control experiments (without the addition of poly-aspartic 

acid), the adhesion between precursor film and glass slide was so weak that the films just washed 

away by dipping the glass slide into water for rinsing.  When the collagen surface was observed 

by SEM, there was no morphological difference in the collagen sponge mineralized for different 

time periods.  As shown in Figure 5-3 A, a small amount of precipitate was observed on the 

collagen sponge mineralized for 1 day.  EDS analysis showed that the precipitate was sodium 

chloride and calcium chloride that had remained, even after washing process.  In the cases of 

collagen sponges mineralized for 8 days and 16 days (Figure 5-3 B and C), more precipitates 

were observed on the collagen sponge surface.  EDS analysis confirmed that the precipitates 

were composed of sodium chloride, calcium chloride and amorphous calcium phosphate.  The 

content of calcium and phosphate detected by the EDS did not linearly increase with the reaction 

time.  It is thought that since the amorphous calcium phosphate is not chemically attached to the 

collagen, the amorphous calcium phosphate formed by the agglomeration of precursors may be 

washed out irregularly during sample preparation.  Those results imply that the low molecular 

weight polyaspartate is not reliable for the intrafibrillar mineralization of collagen sponges.  

Even though there is some formation of amorphous calcium phosphate precursors by the low 

molecular weight poly-aspartate, most of the calcium phosphate precursor seems to be consumed 

by the agglomeration of precursor droplets in solution, and not by the infiltration of a liquid 
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precursor into the collagen fibrils.  However, it is notable that both the nucleation and growth of 

hydroxyapatite clusters was inhibited by the addition of polyaspartate, and the transformation of 

precursors to hydroxyapatite was also prohibited.  

When the collagen sponge was mineralized with the PILP process containing poly-L-

aspartic acid in the medium range of molecular weight (Mw: 10,300 Da), a broad peak indicative 

of amorphous calcium phosphate was observed after 1 day of reaction.  After 6 days of reaction, 

broad peaks of hydroxyapatite were observed at around 26o and 32o corresponding to the (002) 

and the combination of (211), (112), (300) peaks, respectively (Figure 5-4).  This x-ray pattern of 

mineralized collagen is almost identical to that of carbonated hydroxyapatite in bone.  The (211), 

(112), (300) peaks of carbonated hydroxyapatite in bone are normally overlapped into one broad 

peak due to the peak broadening caused by the extremely small size of the crystals, and defects 

such as carbonate, impurities and calcium vacancies [208, 209, 222].  The morphology of the 

collagen surface also changed as the mineralization process progressed.  In the case of SEM 

observation at low magnification, the collagen surface was smooth and film-like after 1 day of 

mineralization, with no calcium or phosphate detected by EDS (Figure 5-5 A).  As the 

mineralization progressed, however, the previously smooth surface now appeared to have a 

fibrous structure after 3 days of mineralization (Figure 5-5 B).  After 6 days of reaction, the 

collagen fibers on the surface appeared bumpy and rough (Figure 5-5 C).  EDS analysis 

determined that the bumpy and rough collagen fibers contained a high amount of calcium and 

phosphate, as compared to the carbon peak at around 0 keV.  According to the x-ray diffraction 

analysis, the bumpy and rough collagen fiber appears to be produced as hydroxyapatite is being 

formed.  Given that the hydroxyapatite coat layer formed by the agglomeration of precursors was 

not observed for this polymer, the calcium and phosphate content in the collagen fiber as 
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observed in EDS and XRD suggest that the hydroxyapatite crystals are embedded in the collagen 

fibers.  The formation of bumpy collagen fibers versus the progression of mineralization was 

closely investigated by high magnification SEM.  During the initial stage of mineralization 

(Figure 5-6 A and B), the fibrous surface developed from the smooth surface due to the nodules 

that were formed along the collagen fibrils.  This nodular formation process is seen to continue 

into 6 days of reaction (Figure 5-6 C), at which time the peaks of hydroxyapatite were observed 

by the x-ray diffraction.  As the mineralization proceeded, the nodules gradually grew and spread 

along the collagen fibers (Figure 5-6 D and E) until the whole surface became bumpy due to the 

formation and growth of nodules throughout the collagen fibrils (Figure 5-6 F).   

In the case of the mineralization with high molecular weight poly-L-aspartic acid (Mw: 

32,200 Da), broad peaks of hydroxyapatite at 26o and 32o developed after only 3 days of reaction 

(Figure 5-7).  After 3 days of mineralization, the nodules formed on the collagen fibers had a 

large amount of calcium and phosphate as detected by EDS (Figure 5-8 B), similar to that 

observed in the collagen mineralized with low molecular weight poly-L-aspartic acid (Mw: 

10,300 Da) at 6 days.  The nodules grew and spread along the collagen fibers as they become 

cylindrical in shape.  In contrast to the bumpy surface on the collagen sponge mineralized with 

low molecular weight poly-L-aspartic acid (Mw: 10,300 Da) for 16 days (Figure 5-6 F)), these 

collagen fibrils, which had had multiple nodules, became thicker and uniform by the growth of 

the nodules until, after 16 days of mineralization, the whole surface was composed of smooth 

and thick collagen fibers without nodules.  Although the surface collagen fibers were smooth and 

thick, indicating complete mineralization, fibrils from the interior of the collagen sponge were 

not completely mineralized, even after 16 days of reaction.  As shown in Figure 5-9 A, the inside 

of the collagen sponge was composed of the bumpy and rough surface due to the formation of 
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these nodules on the partially mineralized collagen fibers.  The morphology was very similar to 

the morphology of collagen fibrils on the surface of the sponge mineralized for 8 days of reaction 

(Figure 5-9 B), indicating that the inside of collagen sponge was not yet completely mineralized.   

As judging from SEM observations, it appears that the mineralization was initiated at 

random positions on the collagen fibrils, leading to the formation of nodules.  It is thought that 

the nodules on the collagen fibers are formed by the infiltration of precursor into the collagen, 

which is not occurring uniformly, where some portions of the fibrils are infiltrated by precursor 

before others during the initial stage of mineralization.  Once the fluidic amorphous precursor is 

drawn into the collagen fibrils, it solidifies and crystallizes into hydroxyapatite crystals, which] 

replacing much of the water as it fills the interstices of the fibrils, which makes the collagen 

structure appear swollen upon drying..  Therefore, while the portions of collagen fibrils filled 

with hydroxyapatite crystals maintain the volume of collagen fiber during the drying process, the 

regions of collagen fibrils filled with only water and organic substances is shrunken by the 

drying process for SEM, leading to the formation of “swollen” nodules.  Then, as the collagen 

fibrils are completely mineralized, the nodule formation is no longer observed because whole 

fibrils are filled with intrafibrillar hydroxyapatite crystals.  It may be argued that the 

crystallization or solidification of precursors forming the nodules can be initiated at an active site 

for hydroxyapatite nucleation due to an appropriate combination of amino acid sequences that 

present specific functionality.  However, the formation of nodules along the fibrils does not 

appear to be periodic or regular.  Therefore, it is hard to argue that the regularly dispersed sites 

such as gap zones or ends of tropocollagens initiate the crystallization of the precursors.   

Although the EDS analysis showed very high content of calcium and phosphate in the 

collagen sponge mineralized with poly-L-aspartic acid (Mw: 10,300 or 32,200 Da), there was no 
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formation of a hydroxyapatite coating layer or clusters on the collagen sponge surface.  

Moreover, there was no agglomeration of precursor forming an amorphous film in the solution or 

on the sponge (which was observed in the mineralization process with low molecular weight 

poly-(α, β)-DL-aspartic acid (Mw: 5,500 Da)).  The mineralization solution was clear after 16 

days of reaction, indicating there was no waste of calcium and phosphate ions in the form of 

solution precipitates and agglomeration.  Therefore, it is reasonable to assume that the calcium 

and phosphate signals are originating from the intrafibrillar hydroxyapatite embedded in the 

collagen fibrils.  As shown in Figure 5-10 A, the mineralized collagen fibril showed very high 

contrast in TEM (without staining) due to the intrafibrillar hydroxyapatite with high electron 

density.  According to the SAED pattern of the isolated collagen fibril (Figure 5-10 C), the fibril 

was mineralized with well oriented hydroxyapatite nanocrystals creating a set of arcs, including 

the pronounced (002) arcs.  The uniaxial orientation of hydroxyapatite was also confirmed by the 

dark field image constructed from the (002) arcs.  As shown in Figure 5-10 B, the needle-like 

spots correspond to the uniaxial array of hydroxyapatite crystals that are aligned with their [001] 

direction parallel to the long axis of the collagen fibril.  It is thought that the growth of 

hydroxyapatite is constrained by the narrow space between collagen molecules, keeping the 

dimensions of the crystals very small, as in bone.  In addition, if growth in the naturally favored 

[001] direction is rapid, it could lead to a preferred crystal orientation; but preferred orientation 

could also be caused by a specific nucleating domain in the collagen.   

The mineral content of the collagen sponges mineralized by the PILP process were 

examined by TG analysis.  As shown in Figure 5-11, the mineral content of the collagen sponge 

mineralized with poly-L-aspartic acid (Mw: 32,200 Da) increased from 58 wt% (8 days of 

mineralization) to 74 wt% after 16 days of mineralization.  Similarly, when collagen sponges 
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were mineralized with poly-L-aspartic acid (Mw: 10,300 Da), the mineral content of collagen 

sponge was 34 wt% and 60 wt% after 8 and 16 days of mineralization, respectively.  In both 

cases, the mineral content increased as the mineralization progressed, although the higher 

molecular weight polymer leaded to a considerably faster mineralization rate.  The mineral 

contents after 16 days of mineralization with different molecular weight poly-L-aspartic acids 

(32,200 and 10,300 DA) were both over 60 wt%, which is similar to the mineral content of bone, 

which has a composition of 60-70 wt% of mineral, 20-30 wt% of organic phases and 5-10 wt% 

of water [4, 10, 80].  There are two possible reasons why the different molecular weights lead to 

differences in mineral content after 16 days.  Firstly, the infiltration of the precursor into the 

collagen matrix may be affected by the different molecular weight polymers due to some 

different characteristics of the precursor phase.  For example, as the molecular weight of the 

polymer increases, the net surface charge of the polymer will be increased [213], which in turn 

can affect the characteristics of the precursor, such as size, interfacial environment between 

precursor and solution, and net surface charge of precursor droplets.  This may influence the 

infiltration of the precursor through the gap zones, which are known to have a special steric and 

electrostatic environment in comparison to the overlap zones of collagen fibrils.  Secondly, the 

amount of precursor formed by the PILP process may be varied by the molecular weight of poly-

aspartic acid.  However, if one polymer chain, which is supposed to be dispersed evenly due to 

its negatively-charged functional groups, is assumed to form one precursor droplet, low 

molecular weight poly-aspartic acid should form more precursor droplets (of smaller volume) 

because the same weight of poly-L-aspartic acid was added to the mineralization solution, but 

the overall weight/volume of precursor phase would likely be constant.  Therefore, it is thought 
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that the difference in some characteristics of the precursor droplets formed by different 

molecular weight polymers may cause the variation in degree of intrafibrillar mineralization. 

Enhancement of Mineralization by Buffer Treatment or Solution Replacement 

Tris-buffer solution treatment  

As shown in the SEM analysis of the mineralized collagen sponges, the surface 

morphology of the collagen sponge became fibrous as the mineralization reaction progressed.  It 

can be argued that the mineralization of collagen fibrils increases the volume of collagen fibers 

by the formation and growth of nodules, causing the fibrous structure to be visually apparent.  

However, as shown in Figure 5-5 or 5-8, the fibrous surface was developed before the 

appearance of nodule formation on the collagen fibril.  When the collagen sponge was soaked in 

tris-buffer solution without calcium and phosphate ions, the fibrous structure appeared on the 

collagen sponge without mineralization.  As shown in Figure 5-12 A, after 1 day of tris-buffer 

treatment, the surface initially seemed to be smooth with a thin film-like appearance.  The 

surface became fibrous as the soaking time was increased to four days.  Normally, during the 

fibrillogenesis of collagen molecules, the collagen precipitate contains two types of collagen: 

collagen fibrils and a non-fibrous amorphous collagen gel.  Although the company (Collagen 

Matrix, Inc.) did not inform us of the process for collagen sponge fabrication, it is thought that 

the non-fibrous collagen forms the smooth film on this commercial collagen sponge.  It may also 

be that, during the mineralization or tris-buffer treatment, the non-fibrous collagen can be 

dissolved into solution, such that collagen fibrils underneath the non-fibrous collagen film may 

be revealed.  This non-fibrous collagen film seems to act as a physical barrier that inhibits the 

infiltration of amorphous precursors in the initial stage of mineralization.  When the collagen 

sponge, which had been soaked in tris-buffer solution for 5 days to remove this non-fibrous 

collagen film, was mineralized by the PILP process containing poly-L-aspartic acid (Mw: 32,200 
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Da), the peaks of hydroxyapatite developed after only 2 days of mineralization (Figure 5-13), 

while hydroxyapatite peaks were not observed until 3 days of mineralization when the collagen 

sponge was not pre-treated with tris-buffer solution (Figure 5-7).  Therefore, it is thought that the 

removal of non-fibrous collagen film allows better infiltration of the amorphous precursors into 

the collagen fibrils, without the physical hindrance of this non-fibrous film, and to crystallize 

into hydroxyapatite at a very early stage of mineralization.  The formation and growth of nodules 

on collagen fibers was also enhanced when the collagen sponge had been treated with tris-buffer 

solution before the mineralization.  As shown in Figure 5-14, the degree of nodule formation in 

tris-buffer treated collagen sponge mineralized for 2 days was very similar to that of the non-

treated collagen sponge mineralized for 8 days (Figure 5-8 C), indicating that more portions of 

collagen fibers pre-treated by tris-buffer solution were infiltrated by the amorphous calcium 

phosphate precursor due to the removal of non-fibrous collagen film in comparison to the 

collagen sponge without tris-buffer treatment.  Although microscopic analysis and X-ray 

diffraction analysis showed the enhancement of mineralization, to clarify the effect of non-

collagenous film on the degree of intrafibrillar mineralization, the further quantitative analysis, 

such as TGA and direct weight measurement, should be done in future.     

Mineralization solution replacement  

When the collagen sponge (not pre-treated with tris-buffer) was mineralized by the PILP 

process containing poly-L-aspartic acid (Mw: 32,200 Da), most of the precursor absorption into 

the collagen fibrils was completed within 8 days of mineralization (Figure 5-11, 58 wt % of 

mineral after 8 days of mineralization).  Therefore, to increase the mineral content in the 

collagen sponge, 8 days of mineralization was performed twice.  As shown in Figure 5-15, the 

mineral content of collagen sponge mineralized twice is 81 wt% which is 7 wt% higher than the 

mineral content of collagen sponge mineralized for 16 days.  Therefore, it is expected that a 
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continuous supply of amorphous calcium phosphate precursor can increase the mineral content in 

mineralized collagen sponges.  It is also worthwhile to note that there is about 3 - 4% weight loss 

between 600oC and 1200oC, even though the organic substance was completely decomposed 

under 600oC.  The transformation of mineral phase from hydroxyapatite to tri-calcium phosphate 

(Ca3(PO4)2) was also observed after this high temperature heat-treatment (Figure 5-15, x-ray 

diffraction pattern).  As explained in chapter 2, the mineral phase in bone is a carbonated 

hydroxyapatite in which some of the phosphate groups are substituted with carbonate groups.  

Therefore, the heat-treatment of carbonated hydroxyapatite at high temperature can cause the 

decomposition of carbonate and hydroxyl groups in hydroxyapatite, leaving tri-calcium 

phosphate crystals [223].  Therefore, the weight loss between 600oC and 1200oC is probably 

caused by the decomposition of carbonate and hydroxyl group from carbonated hydroxyapatite.  

This is also evidence that the hydroxyapatite formed by the PILP process is carbonated 

hydroxyapatite, similar to the mineral phase in bone, which has about 4 wt% of carbonate [4].  In 

this in vitro system, the carbonate presumably comes from CO2 dissolved in the aqueous solution 

(which is not purged).  

The Thermal Analysis of Mineralized Collagen Scaffolds 

The thermal analysis of collagen sponges mineralized by the PILP process containing 

poly-L-aspartic acid was done by TG/DTA.  In the case of pure collagen (Figure 5-16), three 

consecutive drastic weight losses within the ranges of 30-100ºC, 260 – 360ºC and 450-550ºC 

were observed due to the evaporation of water (30-100ºC), and decomposition and combustion 

of organic collagen molecules (260 – 360ºC and 450-550ºC).  The data showed an exothermic 

reaction around 517oC, which corresponds to the decomposition and combustion of thermally 

stable collagen molecules [224, 225].  During fibrillogenesis, collagen molecules are thought to 

form crosslinks and secondary bonds, such as hydrogen bonds, electrostatic bonds, and van der 
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waals bonds (the hydrophobic effect), that may play an important role in the formation of 

thermally stable collagen [225].  However, such bonds are not generally stable at these 

temperatures, and therefore are more likely to result from some type of degradative thermal 

transformation into more stable bonds (perhaps -C=N-, -C≡N- etc.) which could be verified by 

FT-IR spectroscope or Raman spectroscope.  Interestingly, this “thermal stability” (i.e., high 

temperature DTA peak) is lost for the collagen in bone and dentin, and was suggested by Lozano 

[225] as being due to intrafibrillar hydroxyapatite crystal acting fracture center.  While we do not 

believe this explanation is accurate, since even covalent crosslinks would not be able to persist to 

these temperatures, it is interesting that the presence of mineral somehow disrupts this thermal 

transformation peak (perhaps catalyzes the other low temperature degradation processes, such as 

straight combustion).  However, to verify the mechanism of the decrease in thermal stability of 

collagen, further investigation with various techniques, such as FT-IR, Raman and DSC, must be 

done.  In our system, when the collagen was mineralized with the PILP process leading to the 

intrafibrillar mineralization of collagen fibril, the high temperature, thermal stability peak of 

collagen also disappeared.  As shown in Figure 5-17 A and B, as mineralization of the collagen 

sponge with poly-L-aspartic acid (Mw: 32,200Da) progressed, the exothermic reaction 

corresponding to the decomposition of thermally stable collagen at high temperature (450 – 

550oC) was shifted to a lower temperature (440oC, Figure 5-17 A) after 8 days of mineralization.  

By 16 days of mineralization, this high temperature peak was shifted to lower temperature (485 

oC ) and intensity was greatly decreased (Figure 5-17 B).  Besides the small and broad 

exothermic peak from the thermally stable collagen, the big and sharp exothermic peak was 

observed at around 337oC corresponding to the thermally unstable collagen molecule (Figure 5-

17 B).  This result shows that the PILP mineralization of collagen changes the thermal stability 
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of collagen in a similar fashion to bone.  Sakae et al. [224] showed that human dentin had a 

collagen matrix whose thermal stability was lower than that of pure collagen or collagen from 

demineralized dentin, and argued that the hydroxyapatite, which was embedded in the interstices 

between tropocollagens, might expand the collagen fibril structure and break the crosslinks 

between tropocollagen molecules, or act as a fracture center leading to thermally weak collagen 

structure [224, 225].  Although we don’t necessarily agree with their suggested chemical 

mechanism, it is thought that the change in thermal stability of collagen after the PILP 

mineralization can be used as evidence of the intrafibrillar mineralization of collagen fibrils, in 

which hydroxyapatite crystals are embedded in the collagen fibril, and not on the collagen 

surface, which does not alter the collagen thermal characteristics.  With calibration, this 

technique might even provide a useful means for quantifying the degree of intrafibrillar mineral, 

which can’t be done with TGA because it cannot distinguish between intra- and inter- fibrillar 

mineral content.   

It is also worthwhile to note that an exothermic reaction corresponding to the transition of 

amorphous calcium phosphate to hydroxyapatite is observed from the collagen sponge 

mineralized for 8 days.  As shown in Figure 5-17 A, three distinct exothermic peaks were 

observed around 335oC, 440oC, and 540oC.  The exothermic reactions around 335oC and 440oC 

are thought to be caused by decomposition and combustion of collagen molecules, whose 

thermal stability was decreased by the intrafibrillar mineralization.  However, it is hard to argue 

that the exothermic reaction at 540oC is due to the thermally stable collagen because, during the 

exothermic reaction, no significant weigh loss is observed.  According to Kumar et al. [226], the 

amorphous calcium phosphate produced by a plasma spraying process transformed into 

hydroxyapatite between 500oC and 650oC, depending on the composition of the amorphous 
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calcium phosphate.  Therefore, it is thought that the exothermic reaction around 540oC may 

correspond to the transition of amorphous calcium phosphate to hydroxyapatite.   

As mentioned earlier, the absorption or degree of infiltration of amorphous precursors 

depended on the molecular weight of poly-aspartic acid used to induce the PILP process.  Similar 

results were observed in the TG/DTA analysis.  As shown in Figure 5-18 A and B, when the 

collagen was mineralized with poly-L-aspartic acid (Mw: 10,300 Da), the decrease in the thermal 

stability of collagen was also observed due to the intrafibrillar mineralization of collagen 

governed by the PILP process.  However, when the area below the exothermic reaction peak 

between 380oC and 510oC in Figure 5-18 A was compared to the area below the exothermic 

reaction peak between 380oC and 510oC in Figure 5-17 A, the calculated area in Figure 5-18 A 

(10,300 Da poly-aspartic acid) was larger than that in Figure 5-17 A (32,200 Da poly-aspartic 

acid).  Although the DTA is not proper method for the direct quantitative comparison between 

two areas, an indirect deduction of quantitative information is possible because the temperature 

difference between standard and sample also depends on amount of materials with different heat 

capacities (For examples, DTA results between sample 1 composed of 1g of copper and 2g of 

alumina sample 2 composed of 2g of copper and 1g of alumina will show different area of 

reaction peak at the same position).  Therefore, the result implies that the degree of the 

intrafibrillar mineralization is higher in the collagen mineralized with high molecular weight 

poly-aspartic acid, because the area under the exothermic reaction peak, indirectly corresponding 

to energy for the decomposition and combustion of thermally stable collagen, was smaller.  The 

collagen sponge mineralized with high molecular weight poly-aspartic acid also contained more 

amorphous calcium phosphate solid than the collagen sponge mineralized with low molecular 

weight polymer.  The calculated areas of the exothermic reactions of this phase transition 
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(around 530-560oC) were -35.12µVs/mg for the collagen mineralized with low molecular weight 

polymer and -53.44µVs/mg for the collagen mineralized with high molecular weight polymer.  

The calculated area in Figure 5-17 (32,200 Da poly-aspartic acid) was almost twice as large as 

the area in Figure 5-18 (10,300 Da poly-aspartic acid).  Therefore, it is thought that the collagen 

sponge mineralized with high molecular weight poly-aspartic acid contains more amorphous 

calcium phosphate.  It can be argued that the rate of transformation of the precursor may be 

slower when the amorphous precursor is induced by the high molecular weight poly-aspartic acid, 

leaving a larger amount of amorphous calcium phosphate solid.  However, when the 

development of the hydroxyapatite peaks observed by x-ray diffraction is considered, it is hard to 

argue that the rate of transformation of precursor formed by high molecular weight polymer is 

slower because the hydroxyapatite peaks are observed after only 3 days of reaction (The 

hydroxyapatite peaks were observed after 6 days of reaction from the collagen mineralized with 

10,300 Da poly-aspartic acid).   

Conclusions 

The synthetic collagen sponge was successfully mineralized with the PILP process leading 

to the intrafibrillar mineralization of collagen fibrils.  When the collagen sponge was mineralized 

with low molecular weight poly-aspartic acid (Mw: 5,500 Da), although amorphous calcium 

phosphate precursor was formed, the precursor was wasted as a form of agglomeration of 

solution precipitates that prevented the intrafibrillar mineralization of collagen sponge.  On the 

other hand, when the collagen sponge was mineralized with high molecular weight poly-aspartic 

acid (Mw: 32,200 Da), the collagen fibrils were successfully mineralized with hydroxyapatite 

crystals that were embedded in the collagen fibrils with uniaxial orientation along the c-axis of 

the collagen fiber.  Mineral contents matching that of bone were obtained after 16 days of 

mineralization, and all of the minerals appeared to be intrafibrillar.  The degree of mineralization 
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could be enhanced by the tris-buffer treatment for removing the non-fibrous collagen film, which 

apparently acts as a physical barrier against precursor infiltration.  When the collagen sponge 

was mineralized with medium range of molecular weight poly-aspartic acid (Mw: 10,300 Da), 

although some intrafibrillar mineralization of collagen could be achieved, the degree of 

mineralization was lower than that of collagen sponge mineralized with high molecular weight 

polymer.   

In the case of thermal analysis of mineralized collagen sponges, the thermal stability of the 

collagen was gradually decreased with increasing degree of intrafibrillar mineralization, 

corresponding well to the data determined by other characterization techniques for the polymer 

molecular weight trends, and matching the thermal characteristics of bone/dentin.  An 

exothermic reaction for the transition of amorphous calcium phosphate solid was observed at the 

initial stage of mineralization, indicating that the intrafibrillar mineralization was achieved via 

the precursor mechanism.  
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Figure 5-1.  The XRD patterns of Collagen Matrix® sponge mineralized by the PILP process for 
various times, using 50 µg/ml of poly-(α, β)-DL-aspartic acid (Mw: 5,500).  The 
mineralization solutions for the PILP process in this chapter all contained 4.5 mM of 
calcium chloride and 2.1 mM of potassium phosphate.   
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Figure 5-2.  Optical microscope (Left) and TEM (Right) micrographs of solution borne 
precipitate formed with low molecular weight polymer, 50 µg/ml of poly-(α, β)-DL-
aspartic acid (Mw: 5,500), at 6 days of reaction.  Inset in B) contains a selective area 
electron diffraction pattern of the amorphous precipitate. 
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Figure 5-3.  The SEM micrographs and EDS analysis of a collagen sponge mineralized by the 
PILP process induced with 50 µg/ml of poly-(α, β)-DL-aspartic acid (Mw: 5,500) for 
various times. Bars indicate 20 µm.  No proportional progress of mineralization was 
observed.     
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Figure 5-4.  The XRD patterns of collagen sponges mineralized by the PILP process containing 
50 µg/ml of poly-L-aspartic acid (Mw: 10,300) for various times.  The broad peak 
around 32° is composed of overlapping peaks of (211), (112) and (300), whose 2θ for 
hydroxyapatite would correspond to 31.785, 32.192 and 32.924 degrees, respectively.   
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Figure 5-5.  The SEM micrographs and EDS analysis of collagen sponges mineralized by the 
PILP process containing 50 µg/ml of poly-L-aspartic acid (Mw: 10,300) for various 
times.  Bars indicate 20 µm.  Note the rough and  bumpy texture of the partially 
mineralized sponge at 6 days. 
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Figure 5-6.  The SEM micrographs of collagen sponges mineralized by the PILP process 
containing 50 µg/ml of poly-L-aspartic acid (Mw: 10,300) for various times.  Bars 
indicate 5 µm except F) indicating 20 µm.  As the mineralization progressed, the 
nodule grew along the collagen fibril, leading to thick fibril.   
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Figure 5-7.  The XRD patterns of collagen sponges mineralized by the PILP process containing 
50 µg/ml of poly-L-aspartic acid (Mw: 32,200) for various times.  Broad peak around 
32 is composed of overlap of (211), (112) and (300) whose 2θ are 31.785, 32.192 and 
32.924, respectively.   
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Figure 5-8.  The SEM micrographs and EDS analysis of collagen sponge mineralized by the 
PILP process containing 50 µg/ml of poly-L-aspartic acid (Mw: 32,200) for various 
times.  Bars indicate 5 µm except D) indicating 20 µm.  As mineralization progressed, 
the surface became fibrous, and the formation of nodules was observed, which later 
grew along the collagen fibril, leading to the thick and uniform collagen fiber 
indicating the completion of mineralization.   
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Figure 5-9.  The SEM micrographs and EDS analysis of the inner part of a collagen sponge 
mineralized by the PILP process with 50 µg/ml of poly-L-aspartic acid (Mw: 32,200 
Da) for 16 days.  The inner part of collagen sponge, whose thickness is 1.5-2.0 mm, 
was exposed by cutting the collagen sponge into half with a razor blade.  Bars 
indicate A) 20 and B) 5 µm.  A lower degree of mineralization is seen, in comparison 
to the surface of the sponge shown in Figure5-8 D. 
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 Figure 5-10.  A) Bright field and B) dark-field TEM micrographs of a collagen sponge 

mineralized by the PILP process containing 50 µg/ml of poly-L-aspartic acid (Mw: 
32,200Da) for 16 days.  Dark field image is constructed using the 002 arc selected by 
the objective aperture, as shown in the SAED pattern in C).    

 

 

 

 

 

A) B) 

C) 



 

161 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-11.  Thermogravimetry analysis of collagen sponges mineralized by the PILP process 
induced with 50 µg/ml of poly-L-aspartic acid for 8 and 16 days.  The poly-L-aspartic 
acids with different molecular weights were used to investigate the effect of 
molecular weight of polymer on the PILP mineralization.  Heating rate of TG was 
5oC/minute and air flow was controlled to 100 cc/minute.  The mineral contents (wt 
%) at 600oC are indicated in Figure.  
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Figure 5-12.  The SEM micrographs of collagen sponges after tris-buffer treatment for various 
times.  The collagen sponges were soaked in a tris-buffer solution and kept in 37oC 
oven for various times.  Note= the amorphous film-like collagen seems to be replaced 
with a fibrillar texture with time.   

 

 

 

 

 

 

 

 

 

 

C) 4 days 

A) 1 day B) 3 days 



 

163 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-13.  The XRD patterns of collagen sponges pre-treated with tris-buffer solution for 5 
days before the mineralization using the PILP process.  Poly-L-aspartic acid (Mw: 
32,200 Da) was used for the PILP process and its concentration was 50 µg/ml.  Note: 
Compare this figure with Figure 5-7 showing hydroxyapatite peak after 3 days of 
mineralization.    
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Figure 5-14.  The SEM micrographs of a collagen sponge that was pre-treated with tris-buffer 
solution for 5 days before the 2 days of mineralization using the PILP process.  Poly-
L-aspartic acid (Mw: 32,200 Da) was used for the PILP process and its concentration 
was 50 µg/ml.  Bar in the left image indicates 200 µm and bar in magnified image 
(right) of area marked by white circle indicates 10 µm.  The degree of nodule 
formation is similar to 8 days of mineralization sample which had not pre-treated with 
tris-buffer before the mineralization (Figure 5-8 C).    
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Figure 5-15.  Thermogravimetry analysis of collagen sponges mineralized by the PILP process 

for 16 days.   One sponge was mineralized for 16 days, but, the other sponge was 
mineralized for 8 days twice.  For the second round of 8 days of mineralization, fresh 
mineralization solution was used.  Heating rate of TG was 5oC/minute, and air flow 
was controlled to 100 cc/minute.  Mineral contents at 600 and 1200oC are indicated.  
After TG analysis, the byproduct in the Pt pan was examined by XRD, showing it 
underwent a high temperature transformation to tri-calcium phosphate.   
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Figure 5-16.  Thermo Gravimetric and Differential Thermal analysis (TG/DTA) of a pure 
collagen sponge.  Heating rate of TG/DTA was 5oC/minute and air flow was 
controlled to 100 cc/minute.  Before analysis, the collagen sponge was soaked in de-
ionized water for 1 day to remove soluble salts, such as sodium chloride, and 
lyophilized.  The temperatures of typical exothermic reactions seen in collagen are 
indicated. Note- the collagen undergoes a two-step degradation reaction, presumably 
transforming into some species with stronger bonds, which leads to the so called 
“thermally stable” collagen, with a high temperature peak at 517Cº.   
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Figure 5-17.  TG/DTA of collagen sponges mineralized by the PILP process containing 50 µg/ml 

of poly-L-aspartic acid (Mw: 32,200 Da) for 8 and 16 days.  Heating rate of TG/DTA 
was 5oC/minute and air flow was controlled to 100 cc/minute.  The temperatures of 
typical exothermic reactions were indicated.   Note the dramatic change in the DTA 
spectrum, in which the high temperature peak of the collagen is nearly completely 
lost. 
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Figure 5-18.  TG/DTA of collagen sponge mineralized by the PILP process containing 50 µg/ml 

of poly-L-aspartic acid (Mw: 10,300 Da) for 8 and 6 days.  Heating rate of TG/DTA 
was 5oC/minute and air flow was controlled to 100 cc/minute.  The temperatures of 
typical exothermic reactions were indicated.  Note- Compare area of exothermic 
reaction of ACP transition (at 550 oC) with the exothermic reaction in Figure 5-17 A.  
Area roughly corresponds to the amount of ACP phase.   
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CHAPTER 6 
CHARACTERISTICS OF AMORPHOUS CALICUM PHOSPHATE PRECURSOR FORMED 

BY THE PILP PROCESS 

Introduction 

As described in previous chapters, the PILP process is considered as an effective process to 

achieve intrafibrillar mineralization of collagen fibrils.  The PILP process forms an amorphous 

calcium phosphate precursor in which calcium and phosphate ions are sequestered with a large 

amount of water molecules by anionic polymer, leading to the high fluidity of precursor [15].  

The fluidic character of the amorphous precursor allows precursor droplets to be drawn into the 

interstices between tropocollagens, where the precursor is solidified and crystallized into 

hydroxyapatite with preferred crystallographic orientation [26].  As mentioned in chapter 2, the 

PILP (Polymer-Induced Liquid-Precursor) process was initially developed by studying the 

calcium carbonate system [71].  The addition of anionic polymer into the mineralization solution 

induces hydrated amorphous calcium carbonate precursor, which retards the rapid crystallization 

of calcium carbonate.  The fluidic and metastable precursor droplets are then agglomerated, as 

the reaction progresses, and deposited on the glass slide as an amorphous film, which is later 

crystallized into crystalline film [74]. 

The agglomeration of precursor droplets was also observed in the PILP process for the 

calcium phosphate system based on tris-buffer solution containing 0.9 wt% of NaCl (as shown in 

chapter 4 and 5).  When the low molecular weight polymer (5,500 Da) was used as a process-

directing agent, an amorphous film formed by the agglomeration of precursors was observed at 

the bottom of mineralization vessel.  However, in this case, the intrafibrillar mineralization of 

collagen could not be achieved well due to these solution precipitates.  It is thought that 

amorphous precursor droplets formed by the low molecular weight poly-aspartic acid are 

agglomerated and precipitate before individual precursor droplets have a chance to adsorb to and 
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be infiltrated into the collagen scaffold.  There could also be differences in the fluidity of the 

amorphous precursor, so that the amorphous calcium phosphate precursor (ACP) may be more 

similar to the ACP in the control reaction (without polymer), which is more like a gel and does 

not infiltrate the fibrils.  Another possibility is that the agglomeration may cause less mobility 

and a larger volume of precursor may prohibit the infiltration of precursor droplets into the 

collagen fibril via the narrow gap zone, leading to a low degree of the intrafibrillar 

mineralization.  In this case, it is assumed that small precursor droplets must enter from within 

the gap zone, since a large coating on the surface could presumably get pulled inside.  Given that 

the samples that do mineralize well seem to do so from the inside out, it does appear that the 

droplets favor adsorbing strictly at the hole zones, and do not tend to make a mineral coating 

over the whole fibril surface. 

In contrast to the PILP process containing the low molecular weight polymer, 

agglomeration of amorphous precursor was not observed in the PILP process containing the high 

molecular weight poly-aspartic acids as a process-directing agent (Mw: 10,300 and 32,200 Da).  

Moreover, a high degree of intrafibrillar mineralization of collagen was achieved.  Therefore, the 

stability of the amorphous precursor against agglomeration is thought to be important for the 

intrafibrillar mineralization of collagen fibril.     

We thought that the behavior of this stable precursor, which is formed by the high 

molecular weight poly-aspartic acid, may be similar to that of charged particles in a stable 

colloidal suspension.  When solid particles are dispersed in an aqueous solution, the solid surface 

develops an interfacial charge on the surface depending on the pH of solution.  Normally, at low 

pH, the surface is positively charged by protonation, but at high pH, the surface is negatively 

charged by deprotonation or the adsorption of hydroxyl ions [227].  The interfacial charge on the 
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solid surface can induce the rearrangement of local free ions in solution and form a thin charged 

layer called a stern layer on the solid surface [228].  As shown in Figure 6-1, when the solid 

surface is negatively charged, the negative charge can attract the free cations from the solution to 

form a compact layer (the stern layer) consisting of immobile counterions [229].  After the stern 

layer, the density of counterion is gradually reduced with the distance from the surface, forming 

the diffuse layer consisting of mobile counterions [227].  Those two layers are known as an 

electrical double layer [230].  Zeta-potential is the electrostatic potential at the shear plane, 

which is known to be close to the stern layer [227].  Zeta-potential is normally measured by the 

mobility of charged particles under electric field [231].  When a charged particle with an 

electrical double layer migrates in response to electric field, the mobile ions in the diffuse layer, 

which are not tightly bound to the stern layer, undergo dissipative movement.  It creates a new 

interface called the shear plane between tightly bound ions and solution [227].  The mobility of 

charged particles is proportional to the electrostatic potential at the shear plane.  In the case of 

the PILP process, the negatively charged polymer with its sequestered calcium and phosphate 

ions can be assumed to be a charged core that behaves in a similar fashion to the charged 

particles in the colloid suspension.  Therefore, this chapter will discuss the electrostatic potential 

of PILP precursor “particles” obtained by the zeta-potential measurement.  

The zeta-potential of a charged particle is calculated from the electrokinetic phenomena of 

charged particles [227].  When an electric field is applied to the charged particle dispersed in the 

solution, the charged particle migrates with a certain velocity which is proportional to the 

strength of the electric field.  The velocity of particle movement is normally measured by light 

scattering.  The velocity per unit field strength, known as the electrophoretic mobility (µ), is used 
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for determining the zeta-potential (ζ).  When a particle with a charge q is placed under an electric 

field (E), the particle is moving toward the oppositely-charged electrode with a force given by  

                                                                F = qE                                                               (6.1) 

In aqueous medium with a certain viscosity (η), the Stokes law can be used for rewriting (6.1), 

and a new equation is given by  

                                                                       F = 6πηaυ                                                            (6.2) 

where a is the radius of the particle and υ is the velocity of the particle.  From the combination of 

equation (6.1) and (6.1), the electrophoretic mobility (µ) can be written by 

                                                                 µ = υ/E = q/(6πηa)                                                     (6.3) 

In the case of a dilute electrolyte solution in which the thickness of electrical double layer (κ-1) is 

sufficiently large enough to make κa smaller than 0.1, the zeta-potential (ζ) is given by 

                                                                      ζ = q/(4πεε0a)                                                        (6.4) 

where ε and ε0 are the dielectric constant of the liquid medium and the permittivity of vacuum, 

respectively.  When the charge q in (6.4) is substituted by q in (6.3), zeta-potential is given by 

                                                        q = 6πηaµ, and ζ = 3ηµ/(2εε0)                                            (6.5) 

However, in the case of PILP mineralization, because the ionic strength of the solution is 

relatively high (around 0.17M), the Smoluchowski approximation should be applied to equation 

(6.5) [230, 232-234].  After applying the Smoluchowski approximation, the equation for zeta-

potential under high ionic concentration can be obtained: 

                                                                       ζ = ηµ/(εε0)                                                          (6.6) 

For the zeta-potential measurement for the amorphous calcium phosphate precursor, the 

Smoluchowski approximation was used.   
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Besides of the high ion concentration of the mineralization solution, the size of the 

precursor droplets is another problem in the zeta-potential measurement.  The size of the 

amorphous calcium phosphate precursor lies between 10 to 20 nm (the size distribution of 

precursor will be discussed in results and discussion section), making direct zeta-potential meter 

measurements difficult since the zeta-potential meter we have can hardly detect nano-scale 

particles.  In this study, therefore, functionalized polystyrene beads were used for the substrate 

upon which the charged precursor was deposited, leading to the variation of zeta-potential of 

polystyrene beads.  Using this method, the charged character of amorphous precursor can be 

verified indirectly.   

Materials and Methods 

Thermogravimetry Analysis (TGA) 

The collagen sponges were mineralized at different heights in a mineralization solution to 

investigate the agglomeration of precursors during the PILP process containing high molecular 

weight poly-aspartic acid.  One collagen sponge was hung near the solution-air interface by a 

Teflon thread.  A second collagen sponge was placed at the bottom of reaction vessel.  The 

height difference between two collagen sponges was 7 cm.  After 16 days of mineralization, both 

collagen sponges were washed with de-ionized water several times and pulverized after freezing 

with liquid nitrogen.  After drying the pulverized collagen powder, each collagen sponge powder 

(10 – 20 mg) was individually transferred into a Pt pan and fired under an air condition using 

thermogravimetric analysis (TGA).  The heating rate was 5oC/minute and analysis was done 

between 30oC and 1200oC.  To compare the degree of mineralization, the weight loss value at 

600oC was used as a measure of mineral content because organic substances within the collagen 

sponge powder are totally burned off by 600oC.    
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The size distribution analysis of poly-aspartic acid 

To measure the size of poly-aspartic acid which has sequestered calcium and phosphate 

ions, a size distribution analysis was done.  Poly-L-aspartic acid (Mw: 32,200 Da) was added 

into four types of solutions to investigate the size of poly-aspartic acid under different 

conditions: tris-buffer solution, calcium solution (4.5 mM of CaCl2), phosphate solution (2.1 mM 

of K2HPO4) and the mineralization solution (4.5 mM of CaCl2 and 2.1 mM of K2HPO4).  The 

Nanotrac Particle Size Analyzer (Microtrac Inc., USA), which measures the size of particles by 

dynamic light scattering method, was used for the size distribution analysis.  For the analysis, the 

shape of polymer was assumed to be spherical and the refractive index of proteins in the analyzer 

database was used for poly-aspartic acid.  An optical probe, which delivers the laser light to the 

suspension and scattered light back to the photo-detector, was placed in solutions containing 100 

µg/ml of poly-aspartic acid and was kept stationary during measurement.      

Zeta-potential measurement 

As mentioned in the introduction section, because of a size problem of the precursor 

particles, polystyrene (PS) beads (Polysicences Inc. USA, 0.1 µm diameter) were used as a 

substrate for the indirect measurement.  The sample preparation condition is summarized in table 

6-1.  The final concentration of calcium and phosphate was adjusted to 4.5 mM and 2.1 mM, 

respectively, and the final volume was also adjusted to 20 ml.  Two types of polystyrene beads 

were used: polystyrene beads functionalized with amine groups, which are positively charged at 

pH 7.4, and beads functionalized with carboxyl groups, which are negatively charged at that pH.  

The polystyrene beads were added to 20 ml of solution to achieve a concentration of 0.025 

mg/ml.  Before the measurement, the solution, described in table 6-1, was incubated for 3 hours.  

The Brookhaven ZetaPlus (Brookhaven Instruments Corporation, USA) in PERC was used 

for the zeta-potential measurement.  The polystyrene suspension was transferred into a colorless 
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cuvette with an equipped measuring kit and electrodes for applying the electric field.   One 

hundred of measurements were performed to calculate the average value of zeta-potential of the 

polystyrene beads with ions, poly-aspartic acid or amorphous precursors.  

Energy dispersive x-ray spectroscopy (EDS) Analysis  

To investigate ion components on polystyrene bead which is supposed to incorporate ions 

and precursor, EDS observations for polystyrene beads were performed.  The polystyrene beads 

were collected by centrifugation (10,000 rpm, 30 minutes) and the collected beads were washed 

with de-ionized water and ethanol several times.  The collected beads dried in air for 24 hours 

were mounted on an aluminum stub covered in double-sided copper tape, and then sputter coated 

with amorphous carbon. The beads were examined using SEM to find an isolated bead on which 

EDS analysis could be conducted.  The EDS analysis was done by a 6400 JEOL SEM at 15 kV 

for the elemental analysis of a polystyrene bead incorporated with ions or precursors.     

Results and Discussion 

In the case of the PILP process in the calcium carbonate system, the size of the earliest 

formed droplets was measured by light scattering to be between 100 -250 nm, but they rapidly 

grew to micron sized dimensions over several minutes (in this particular vial setup) [235].  On 

the other hand, AFM analysis of CaCO3 films showed that the films can be composed of even 

smaller colloids.  In this system, it is commonly observed that the amorphous calcium carbonate 

droplets settle by gravity down to the bottom of the reaction vessel due to the growth and 

agglomeration of precursor droplets.  Therefore, when a silicon wafer with a hydrophilic pattern 

was vertically placed in the solution, the thickness of the calcium carbonate film on the pattern 

near the bottom became thicker as the particle size was larger [74].  A similar experiment was 

done in the calcium phosphate system.  As shown in Figure 6-2, one collagen sponge was hung 

near the air/solution interface, and the other was mineralized at the bottom (the solutions were 
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not stirred).  If the precursor does in fact settle more rapidly by the growth and agglomeration of 

precursor droplets, the collagen sponge at the bottom would be expected to show a higher degree 

of mineralization than that of the collagen sponge mineralized at the top near the air/solution 

interface.  However, there was no significant difference in the degree of mineralization between 

two collagen sponges (Figure 6-2).  It is thought that, because the precursor droplets stay well 

dispersed without agglomeration in the mineralization solution, both of the collagen sponges had 

an equal chance to adsorb an equal amount of precursor.   

Particle size analysis of the precursor was performed to investigate whether the precursor 

droplets are agglomerated or not.  For the measurement, the shape of polymer in the solutions 

was assumed to be spherical.  As shown in Figure 6-3 A, the mean hydrodynamic volume 

diameter of poly-aspartic acid in tris-buffer solution (pH 7.4) was around 14 nm.  The poly-

aspartic acid should be highly negatively charged at pH 7.4, leading to the fully stretched 

conformation of the chain [236].  However, because tris-buffer solution contains about 0.9 wt% 

of sodium chloride, the polymer is thought to be slightly collapsed due to the screening effect of 

sodium ions.  When the poly-aspartic acid was dissolved in 4.5mM of calcium dichloride 

solution (Figure 6-3 B), the mean volume diameter of polymer decreased to around 8 nm.  This 

is due to the strong screening effect of divalent calcium ions, which can make a bridge between 

charged functional groups (COO-) of poly-aspartic acid, leading to shrinkage of the polymer 

coils.  In the case of poly-aspartic acid in 2.1 mM of potassium phosphate solution (Figure 6-3 

C), the polymer conformation seemed to be slightly expanded (around 14  15 nm) by the 

strong anions (PO4
3-) repelling the COO- groups in the polymer.  When the poly-aspartic acid 

was added into the mineralization solution, which contained 4.5 mM of calcium and 2.1 mM of 

phosphate (Figure 6-3 D and also in Figure 6-4 A), the mean volume diameter of polymer, which 
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in this case is supposed to form the amorphous calcium phosphate precursor, was around 13 nm 

after 1 hour of reaction.  Because the mean volume diameter of poly-aspartic acid in the 

mineralization solution is very similar to that of polymer in the tris-buffer solution, it could be 

argued that the formation of precursor was not completed yet after 1 hour of reaction.  However, 

as shown in Figure 6-3 B, the interaction between the poly-aspartic acid and calcium ion leading 

to the shrinkage of polymer is thought to be instantaneous.  Therefore, we thought that the poly-

aspartic acid can form the amorphous precursor immediately after addition.  When the 

mineralization solution containing the poly-aspartic acid was kept for 3 days (Figure 6-4 B), the 

mean volume diameter of precursor slightly increased to 16 nm, and the distribution of precursor 

size was broadened.  Moreover, neither the precipitation of crystalline phase, nor the 

agglomeration of precursor was observed when the mineralization solution was kept for 1 month.  

Those results imply that the agglomeration of precursor is not significant when high molecular 

weight poly-aspartic acid is used for the PILP process.  We thought that the precursor might be 

dispersed without agglomeration due to the interfacial charge formed by the calcium and 

phosphate sequestered by the negatively charged poly-aspartic acid, and therefore turned to zeta-

potential measurements.  

To investigate the interfacial charge of the precursor, the zeta-potential was measured by 

the indirect method using polystyrene beads functionalized with amine (PS-amine) or carboxyl 

groups (PS-COOH), because the size of the precursor particles alone is too small to be detected 

by the zeta-potential meter.  The results of the zeta-potential measurement are summarized in 

table 6-2.  In the case of polystyrene beads functionalized with carboxyl groups (PS-COOH), the 

surface of the PS-COOH bead was negatively charged (sample 1, about -30 mV) even though the 

tris-buffer solution contained sodium ions.  This implies that the monovalent ion (Na+) is not 
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effective in forming a positive compact stern layer on the negatively charged polystyrene bead 

surface.  When the PS-COOH beads were added to 4.5 mM of calcium solution, the zeta-

potential of PS-COOH bead was -10.72 ± 1.29 mV.  Normally, the divalent ion (Ca2+) can form 

a very compact stern layer on a negatively charged surface, leading to a positive zeta-potential.  

However, in this case, because the amount of calcium ion (which was based on our PILP reaction 

conditions) was insufficient to fully cover the entire surface of the PS-COOH bead, the zeta-

potential of the PS-COOH bead was still negative, but the negative value was dramatically 

reduced by the adsorption of calcium ions.  When poly-aspartic acid was added to the tris-buffer 

solution (sample 2, about -35 mV), the zeta-potential of the PS-COOH bead did not change 

much because of the repulsion between the negatively charged bead and poly-aspartic acid, 

preventing the adsorption of poly-aspartic acid on the beads.  However, when the PS-COOH 

beads were dispersed in the calcium solution containing poly-aspartic acid, the zeta potential 

drops significantly (sample 3, about -20 mV), as compared to that of PS-COOH beads in calcium 

solution (about -11 mV).  In this case, it appears that the poly-aspartic acid is incorporated with 

the PS-COOH beads.  In the case of sample 4, the poly-aspartic acid was added to the calcium 

solution to induce the polymer-calcium complex prior to the addition of PS-COOH bead.  We 

expected a zeta-potential variation from sample 4 due to the formation of polymer-calcium ion 

complex, which may prevent the incorporation between PS-COOH and calcium ions.  However, 

there was no significant difference between sample 3 (-19.87 ± 1.45 mV) and 4 (-19.15 ± 1.41 

mV) indicating very little difference in interfacial conditions between the two samples.  An EDS 

analysis of both PS-COOH beads (Sample 3 and 4) shows calcium ion incorporation, as shown 

in Figure 6-5 A and B.  When the zeta-potential of sample 3 (about -20 mV) and 4 (about -19 

mV) are compared to that of the PS-COOH beads in calcium solution alone (about -11 mV), the 
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additional negative readings can be attributed to negatively charged poly-aspartic acid that is 

incorporated onto the PS-COOH beads by the formation of calcium ion bridges.   

In the case of sample 5 (-18 mV), the order of species addition in this sample preparation 

was designed to form the amorphous calcium phosphate precursor before the addition of PS-

COOH beads.  We speculated that the negatively charged poly-aspartic acid, which is added to 

the calcium solution before mixing in the phosphate solution, may form a calcium-polymer 

complex, to which phosphate ions can sequentially be attracted to positively charged complex.  

Therefore, the interfacial charge of precursor is thought to be slightly negative even though the 

total net charge of precursor may be neutral.  Electrostatic repulsion from a negatively charged 

surface of the precursor is thought to prevent the agglomeration of precursor.  On the other hand, 

there should be free calcium ions in the mineralization solution after the formation of precursor.  

When it is assumed that two carboxyl groups can attract one calcium ion (due to charge balance), 

only 2.35 mM of calcium ions are consumed by the formation of precursor, leaving 2.15 mM of 

free calcium ions that could be incorporated with the PS-COOH beads, leading to partially 

positively charged PS-COOH beads.  Therefore, it is thought that the negative charge character 

of the PS-COOH bead in sample 5 is originated by the adsorption of precursor on the partially 

positively charged PS-COOH beads created by the adsorption of free calcium ions.  In the case 

of sample 6, in which the calcium ions were expected to adsorb onto the PS-COOH beads before 

the formation of precursor, the negative zeta-potential value is slightly reduced (-15 mV) in 

comparison to the sample 5 (-18 mV).  It is thought that because the calcium ions are initially 

incorporated with the PS-COOH beads, a smaller amount of calcium ions are available to be 

involved in the formation of precursor, and the PS-COOH beads may have more positive 

calcium ions in comparison to sample 5.  However, because the difference of zeta-potential 
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values between sample 5 and 6 is not significant, it is hard to argue that the interfacial conditions 

are significantly different between samples.  In the case of EDS analysis of sample 5 and 6 

(Figure 6-5 C and D), EDS results showed that the surface of the PS-COOH beads were 

incorporated with calcium and phosphate ions which are thought to have originated from the 

amorphous calcium phosphate precursor.  When the polymer was not present in the 

mineralization solution (sample 7), the zeta-potential value (-7 mV) was far less negative in 

comparison to sample 5 (-18 mV) and 6 (-15 mV).  In this case, EDS analysis showed that most 

of the ions in the mineralization solution were incorporated with the PS-COOH beads (Figure 6-

5 E).  However, it is not fully understood why those results were obtained, and more 

investigation may be needed to understand it.    

The possible interfacial conditions of the PS-COOH beads in various solutions, which are 

deduced from the zeta-potential measurement, are illustrated in Figure 6-6.  When the PS-COOH 

beads are dispersed in tris-buffer solution (sample 1), the surface of the PS-COOH beads were 

negatively charged due to the deprotonation of carboxyl groups.  Sodium ions in tris-buffer 

solution are thought not to fully neutralize the surface charge of the PS-COOH beads.  In the 

case of the PS-COOH beads in calcium solution (PS+Ca), calcium ions adsorb on the negatively 

charged PS-COOH beads leading to a decrease in the negative value of the surface.  When the 

poly-aspartic acid was added to the calcium solution (sample 3), the calcium ions adsorb on the 

PS-COOH beads, and the poly-aspartic acid incorporates with calcium ions on the surface of PS-

COOH bead.  In the case of sample 5 in which the amorphous precursor is formed before adding 

the PS-COOH beads, the negatively charged amorphous precursor adsorbs on the positive 

regions of the PS-COOH beads that are created by the adsorption of the free calcium ions.  When 

the PS-COOH beads are added before the formation of amorphous precursor (sample 6), most of 
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calcium ions adsorb on the PS-COOH beads surface initially.  However, when the poly-aspartic 

acid and phosphate ion are added to the solution containing the PS-COOH beads and calcium 

ions, some of calcium ions are detached from the surface and those free calcium ions involve in 

the formation of amorphous precursor which later incorporates with the PS-COOH bead via 

calcium ion bridging.        

In the case of polystyrene beads functionalized with amine groups (PS-amine bead), the 

beads should be positively charged via protonation of the amine group (NH3
+) at pH 7.4.  When 

the PS-amine beads were dispersed in tris-buffer solution (sample 1), the zeta-potential of PS-

amine bead was around -14 mV, as summarized in table 6-2.  Even though the tris-buffer 

solution only contained sodium chloride, there was a charge conversion of the PS-amine bead 

surface from positive to negative.  As mentioned previously, it is hard to covert the positive zeta-

potential to negative zeta-potential with monovalent ion (Cl-).  However, when the PS-amine 

beads were examined with EDS (Figure 6-7), every sample showed the chloride ion incorporated 

on polystyrene bead, which was not observed from PS-COOH bead (Figure 6-5).  Therefore, it is 

thought that the surface of PS-amine bead is slightly positive due to the neutral pH of solution 

(pH 7.4), and the adsorption of chloride ions on the positive domain may produce the negative 

value of zeta-potential.  This positive character of PS-amine bead was highlighted with the 

negatively charged poly-aspartic acid.  When the poly-aspartic acid was added to tris-buffer 

solution (sample 2), the positively charged PS-amine bead attracted the negatively charged poly-

aspartic acid, leading to a highly negative zeta-potential (about -31 mV).  This indicates that the 

surface of PS-amine has dominant positively charged amine groups and positively charged amine 

groups can attract the negatively charged poly-aspartic acid which may have more affinity to 

positive amine groups in comparison to chloride ions.  In the case of PS-amine beads in the 
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solution containing poly-aspartic acid and 4.5 mM of calcium ions (sample 3 and 4), the zeta-

potential value was about -18 mV for both samples.  Because the calcium ions in the solution 

make a complex with the poly-aspartic acid adsorbed on the PS-amine bead, the negative zeta-

potential value was reduced in comparison to that of sample 2 (about -31mV).  As shown in 

Figure 6-7 A and B, when the PS-amine beads of sample 3 and 4 were examined by EDS, the 

surface of PS-amine bead was incorporated with calcium ions via the negatively charged poly-

aspartic acid.  A small amount of chloride ions, which were thought to adsorb on the positively 

charged PS-amine bead surface, were also detected by EDS. 

In the case of sample 5 in which the amorphous precursor was formed before the addition 

of PS-amine beads, the zeta-potential was more negative (about -19mV) than that of sample 1 (-

14 mV), and calcium and phosphate ions were detected from the PS-amine bead surface by EDS 

(Figure 6-7 C).  We thought that because of the adsorption of negatively charged amorphous 

precursor on the PS-amine bead, the negative value of zeta-potential is slightly increased.  When 

the PS-amine beads were dispersed in the solution before the amorphous precursor was formed 

(sample 6), the PS-amine bead seemed to interact with chloride ions initially.  As shown in 

Figure 6-7 D, the surface contains a large amount of chloride ion which is thought to adsorb on 

the positively charged surface.  However, when the intensity of the calcium and phosphate ion 

peaks in sample 6 (Figure 6-7 D) was compared to the intensity of the calcium and phosphate 

peaks in sample 5 (Figure 6-7 C), the amounts of calcium and phosphate ions detected from both 

samples were similar.  Therefore, even though sample 6 contained more chloride ions, which 

may increase the negative value of zeta potential to about -20 mV, the interfacial charge of both 

samples (sample 5 and 6) seems to be similar.  In the case of sample 7, which contained no poly-
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aspartic acid, the results of zeta-potential measurement and EDS analysis were almost identical 

to those of PS-COOH bead.  More investigation may be needed for this system. 

  Schematic diagrams illustrating possible interfacial conditions of the PS-amine beads in 

various solutions are shown in Figure 6-6.  When the PS-amine beads are dispersed in the tris-

buffer solution containing sodium chloride (sample 1), the positively charged surface attracts the 

chloride ions creating a negatively charged surface.  In the case of the negatively charged poly-

aspartic acid, it adsorbs on the positively charged PS-amine bead, which was occupied by 

chloride ions in the tris-buffer solution (sample 1) and induces the high negative zeta-potential 

on the PS-amine bead (sample 2).  In the case of sample 3 containing poly-aspartic acid and 4.5 

mM of calcium ions, the calcium ions preferentially combine with the poly-aspartic acid 

adsorbed on the PS-amine bead, lowering the negative zeta-potential of the PS-amine bead.  

When amorphous precursor is formed in the solution before adding the PS-amine bead (sample 

5), the negatively charged precursors adsorb on the positively charged PS-amine beads.  

However, when the PS-amine beads are added before the formation of amorphous precursor 

(sample 6), large amounts of chloride ions incorporate with the beads initially and then, the 

negatively charged precursor adsorbs onto the beads, either directly or via chloride ion bridging.  

Conclusions      

When high molecular weight poly-L-aspartic acid was used as a process-directing agent for 

the PILP process in the calcium phosphate system, it induces stable amorphous calcium 

phosphate precursor droplets, which are not agglomerated for up to 1 month.  When the collagen 

sponges were mineralized at different heights in the reaction vessel, there was no difference in 

the degree of mineralization between the collagen sponges mineralized at the bottom versus 

those near the air/solution interface.  Moreover, when the size of precursor droplets was 

measured by the particle size analyzer, neither significant growth of precursor nor agglomeration 
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of precursor was observed, even after 3 days of reaction.  We thought that the charged interface 

of the precursor may keep the precursor stable and dispersed in the mineralization solution.  

Zeta-potential measurements were performed to investigate the charge character of the precursor 

interface.  The differences between samples, which were designed to deduce the electrostatic 

characteristic of the precursor indirectly by adsorption to charged polystyrene beads, were not 

significant enough to verify the exact interfacial charge of precursor.  However, the precursor 

phase was very stable and well-dispersed for long times and seemed to act in a similar fashion to 

the charged particles in the zeta-potential measurement.  Therefore, we suggest that the 

amorphous calcium phosphate precursor may have a negatively charged interface, even though 

the total charge of precursor, which is formed by the sequential adsorption of calcium and 

phosphate ions on the negatively charged poly-aspartic acid core, may maintain charge neutrality.     
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Figure 6-1.  Electrical double layer formed on a charged solid surface.  (Ψ0 = electrical potential 

on solid surface, Ψs = electrical potential of stern layer, Ψ = zeta-potential; electrical 
potential of shear plane)  Diagram is re-illustrated from the images in [227, 229].  
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Figure 6-2.  Thermogravimetry (TG) analysis of collagen sponges which were mineralized by the 
PILP process at different heights in the reaction vessel. Collagen sponges were 
mineralized with 50 µg/ml of poly-L-aspartic acid for 16 days and samples were 
positioned at the bottom of vessel (red curve) and 7 cm above the bottom (black 
curve).  Pictures of collagen mineralized at different heights are inserted to the right.  
The sample is half of a Collagen Matrix sponge of diameter 1.2 cm.  The collagen 
sponge is translucent and floppy until it mineralizes, which can be seen by the white 
patches. 
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Figure 6-3.  Particle size analysis of poly-L-aspartic acid in various solutions.  The shape of 

poly-L-aspartic acid is assumed to be spherical (a random coil) for analysis. The 
concentration of poly-L-aspartic acid (Mw: 32,200 Da) was 1 mg/ml and polymer 
was dissolved in A) tris-buffer, B) tris-buffer containing 4.5 mM of calcium chloride 
or C) 2.1 mM of potassium phosphate, D) tris-buffer containing 4.5 mM of calcium 
chloride and 2.1 mM of potassium phosphate .   
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Figure 6-4.  Particle size analysis of poly-L-aspartic acid (Mw: 32,200 Da) in the mineralization 

solution of the PILP process for 1 hour (A) and 3 days (B).  Mineralization solution 
contained 4.5 mM of calcium chloride, 2.1 mM of potassium phosphate and 1 mg/ml 
of poly-L-aspartic acid.     
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Table 6-1.  Sample preparation for zeta-potential analysis of functionalized polystyrene beads 
with poly-L-aspartic acid or precursors formed by the PILP process.  

 
Sample number Sample preparation (Order of addition is from left to right) 

1 Tris-buffer PS 

2 Tirs-buffer pAsp PS 

3 Tris-buffer PS  pAsp  incubation Ca 

4 Ca  pAsp Tris-buffer  incubation PS 

5 Ca  pAsp P  incubation PS 

6 Ca PS  pAsp P 

7 Ca PS P 
 

 
PS: 0.025 mg/ml of polystyrene bead, Ca : 9 mM of calcium chloride in tris-buffer, P: 4.2 mM of potassium 
phosphate in tris-buffer, pAsp: 100 µg/ml of poly-L-aspartic acid (Mw: 10,300 Da), incubation : 1 hour 
Final concentration of Ca and P were adjusted to 4.5 mM and 2.1 mM with/without the addition of tris-buffer. 
For tris-buffer solution, 6.4 g of tris-HCl, 1.1 g of tris-base and 8.77 g of NaCl were dissolved in 1000ml of D.I. 
water. 
Polystyrene beads reacted with solution for about 3 hours.  
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Table 6-2.  Zeta-potential (mV) of polystyrene beads functionalized with carboxyl group 
(COOH) or amine group (NH2), which arenegatively (COO-) or positively (NH3

+) 
charged at pH 7.4.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Zeta –potential average and standard deviation values were obtained from one hundred measurements. 
Zeta-potential of PS-COOH in 4.5 mM of calcium solution was -10.72 ± 1.29 mV  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample number Zeta-potential of PS-COOH Zeta-potential of PS-NH2 
1 -29.83 ± 1.64 -14.19 ± 0.67 
2 -34.75 ± 3.94 -30.74 ± 1.49 
3 -19.87 ± 1.45 -17.72 ± 1.19 
4 -19.15 ± 1.41 -18.01 ± 1.87 
5 -17.89 ± 0.81 -18.93 ± 0.91 
6 -14.96 ± 1.09 -19.58 ± 1.35 
7 -7.07 ± 0.82 -8.19 ± 1.07 
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Figure 6-5.  The EDS analysis of –COOH functionalized polystyrene beads reacted with the 
various solutions indicated at table 6-1.  Spot EDS analysis was done for an isolated 
polystyrene bead (white circle in SEM micrograph) during SEM examination. Scale 
bar is 5 μm.      
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Figure 6-6.  Interfacial condition of polystyrene beads functionalized with carboxyl (-COOH) 

groups.  The sample numbers indicated on the x-axis correspond to the sample 
numbers in tables 6-1 and 6-2.   
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Figure 6-7.  The EDS analysis of PS–NH2 functionalized polystyrene bead reacting with various 
solutions indicated in table 6-1.  Spot EDS analysis was done for polystyrene beads 
during SEM examination. 
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Figure 6-8.  Interfacial condition of polystyrene beads which were functionalized with amine 

(NH2) groups.  The sample numbers indicated on the x-axis correspond to the sample 
numbers in tables 6-1 and 6-2.   

 

 

 

PS 

+ + 
+ 
 

 
+ + 

+ 

+ 

Cl- 

Cl- Cl- 

Cl- 

Cl- Cl- 
 

 

Cl- 

Na+ 

Na+ 

PS 

+ + 
+ 
+ 

+ 
+ + 

+ 

+ 

Cl- 

Cl- Cl- 

Cl- 

Cl- 

Cl- 

Na+ 

Na+ 

PS 

+ + 
+ 
+ 

+ 
+ + 

+ 

+ 

Cl-

Cl-

Cl-

Cl- 

Na+

Ca2+

Ca2+

Ca2+

Ca2+Ca2+

Ca2+ 

Ca2+

PS

+ + 
+
+ 

+ 
+ + 

+ 

+

Cl-

Cl-

Cl-

PS 

+ + 
+ 
+ 

+ 
+ + 

+ 

+ 

Cl- Cl-

Cl- 

Cl- 

Cl- 

Cl- 

Cl- Ca2+ 

Ca2+ 

Ca2+ 

Ca2+ 

Poly-aspartic acid 

Negatively charged precursor

Ca2+



 

195 

CHAPTER 7 
CONCLUSIONS 

The objective of the work presented within this dissertation is to develop a bone-like 

collagen/hydroxyapatite composite via a biomimetic approach called the PILP (Polymer-

Induced-Liquid-Precursor) process.  Using the process-directing agent, poly-aspartic acid, which 

induces the amorphous calcium phosphate precursors and may mimic the function of non-

collagenous proteins in bone formation, we have successfully mimicked the nanostructure of 

secondary bone.  Specifically, we have synthesized a collagen/hydroxyapatite composite in 

which the hydroxyapatite platelets are embedded in the interstices between tropocollagen 

molecules, and the [001] direction of hydroxyapatite is oriented parallel to the long axis of the 

collagen fibril.  In addition, we also carefully suggest that the biomimetic PILP process may aid 

in the understanding of the intrafibrillar mineralization of natural bone.          

Bone is the most frequently replaced human organ, and the demand for the development of 

synthetic bone grafts has been increasing over the last several decades.  While the ultimate goal 

of developing synthetic bone grafts is to fabricate large-scale bone substitutes which have 

structural and compositional similarity to natural bone, this is difficult in practice due to the lack 

of dense and well-organized collagen scaffolds.  However, mimicking the nanostructure of 

secondary bone should be considered as a prerequisite step, in this stage, to the development of 

the ultimate synthetic bone grafts because the interpenetrating structure of the mineralized 

collagen fibril, which can be achieved by intrafibrillar mineralization, is thought to cause the 

unique physical and chemical properties of secondary bone. 

Mineralized collagen fibrils are composed of collagen fibrils, in which tropocollagen is 

aligned with a quarter-staggered arrangement, leaving a gap zone and grooves, and 

hydroxyapatite platelets, which are embedded in the interstices between tropocollagen molecules 
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with uniaxial orientation.  We tried to mimic this nanostructure using an amorphous calcium 

phosphate precursor, which was induced by negatively charged poly-L-aspartic acid.  The 

strategy of our process is to form a fluidic amorphous calcium phosphate precursor which can 

infiltrate the interstices of the collagen fibrils via the gap zone by capillary forces.  The poly-L-

aspartic acid is thought to successfully sequester the calcium and phosphate ions, along with 

water molecules, forming the hydrated amorphous calcium phosphate precursor.  Even though 

the amorphous precursor is thought to be thermodynamically unstable in the calcium phosphate 

system, the precursor phase produced by high molecular weight poly-L-aspartic acid (Mw: 

10,300 or 32,200 Da) was surprisingly very stable in solution, and the crystallization of the 

precursor occurred only on the collagen substrate without any agglomeration of the precursor in 

solution, or any precipitation of crystalline or non-crystalline phases.  The crystals originating 

from the amorphous calcium phosphate precursor were examined by x-ray diffraction analysis of 

the mineralized collagen scaffolds.  The mineral phase was determined to be hydroxyapatite 

when the collagen was mineralized using the higher molecular weights of poly-L-aspartic acid 

(Mw: 10,300 or 32,200 Da).  TEM analysis of mineralized collagen fibrils provided visible 

evidence of oriented hydroxyapatite platelets embedded in the collagen fibrils.  The oriented 

hydroxyapatite along the [001] direction of collagen fibrils created the (002) and (004) arcs 

generated by the slightly misoriented hydroxyapatite platelets.  In addition to the SAED patterns 

of the mineralized collagen fibrils, the dark field image of the mineralized collagen fibrils also 

confirmed that oriented hydroxyapatite platelets are embedded in the fibrils.  When the dark field 

image of collagen fibrils was constructed by the electron beam diffracted from the (002) planes 

of hydroxyapatite, the side view of hydroxyapatite platelets was projected, creating the needle-

shape spots aligned along the [001] direction of the collagen fibril.   
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The micro and nano-scale observations of mineralized collagen fibrils done using x-ray 

diffraction, SEM and TEM analysis enable us to confidently argue that the intrafibrillar 

mineralization of collagen fibrils can be successfully achieved by the PILP process, and that the 

physical and chemical characteristics of mineralized collagen are expected to be similar to those 

of natural bone due to the structural and compositional similarities of mineralized collagen to the 

nanostructure of bone.  We discovered that the PILP process also provides the ability to fabricate 

high mineral loading composites.  As mentioned in Chapter 2, bone is composed of 60-70 wt% 

inorganic mineral phase, 20-30 wt% organic substances and 10 % water.  TG analysis showed 

that the mineralized collagen scaffold contained about 70 wt% of hydroxyapatite after 16 days of 

mineralization.  High molecular weight poly-L-aspartic acid produced scaffolds with the highest 

degree of mineralization.  For example, collagen mineralized with 10,300 Da poly-L-aspartic 

acid contained 60 wt% of hydroxyapatite after 16 days of mineralization, while the collagen 

scaffold mineralized with 32,200 Da poly-L-aspartic acid contained 58 wt% of hydroxyapatite 

after only 8 days of mineralization, and the mineral content increased to 74 wt% after 16 days of 

mineralization.   

The PILP process is also expected to enable the fabrication of large-scale bulk composites 

suitable for bone grafts.  Using a porous collagen sponge with 1 cm diameter and 3 mm thickness, 

we fabricated a mineralized collagen sponge containing about 70 wt% of hydroxyapatite after 16 

days of mineralization.  However, when the mineralization solution was replaced after 8 days of 

mineralization, the mineral content was increased to 84 wt% after 16 days of mineralization.  

Therefore, we expect that a continuous supply of amorphous calcium phosphate precursor via a 

constant composition technique, or the frequent replacement of solution, may enable the 

mineralization of a large-scale collage scaffold.   
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For the development of synthetic bone grafts, the ability of the PILP process to mineralize 

a collagen scaffold with densely-packed collagen fibers will be required if load-bearing 

properties are to be achieved.  Unfortunately, this type of synthetic scaffold was difficult to 

obtain.  Therefore, we used bovine achilles tendon as a scaffold, even though the bovine tendon 

is not naturally mineralized and apparently contains calcification inhibitors, to examine the 

ability of the PILP process to mineralize dense collagen scaffolds.  Poly-aspartic acid with 

various molecular weights was used to investigate the influence of molecular weight of polymer 

on the degree of intrafibrillar mineralization of bovine tendon.  When low molecular weight 

poly-aspartic acid (Mw: 5,500 or 10,300 Da) was used for the mineralization, hydroxyapatite 

peaks were not observed by x-ray diffraction analysis.  However, the intensity of the peak 

created by the oriented collagen fibrils was increased after the mineralization process.  We 

thought that chelation between certain functional groups of the amino acids and the amorphous 

precursor might enhance the intensity of the collagen peak.   

When bovine tendon mineralized with low molecular weight polymer was observed using 

TEM, the collagen fibrils showed the typical 67 nm periodic banding patterns without any 

staining process, but the SAED patterns of the fibrils indicated that collagen fibrils had no 

crystalline phase.  We thought that the banding patterns from the unstained fibrils may be created 

by the amorphous precursor incorporating with collagen fibrils.  The banding pattern could be 

enhanced via z-contrast, because the amorphous mineral precursor is more electron dense than 

the collagen phase.  EDS analysis in the SEM of an individual collagen fibril also confirmed the 

presence of calcium and phosphate ions in fibrils mineralized using the same conditions as those 

used in the TEM experiment.  However, the collagen fibrils containing the amorphous precursors 

did not crystallize into hydroxyapatite.  We suspect that the calcification inhibitors in bovine 
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tendon may retard or inhibit the crystallization of the amorphous precursor.  When the 

calcification inhibitors were removed by EDTA treatment, intrafibrillar mineralization of bovine 

tendon was achieved by the intermediate molecular weight poly-aspartic acid (Mw: 10,300 Da).  

The SAED patterns of mineralized collagen fibrils that were pre-treated with EDTA showed the 

typical diffraction patterns of oriented hydroxyapatite ((002) arcs), indicating successful 

intrafibrillar mineralization of bovine tendon.  In the case of high molecular weight poly-aspartic 

acid (Mw: 32,200 Da), the bovine tendon, which was not pre-treated with EDTA, was 

intrafibrillarly mineralized with the PILP process.  The mineral content of bovine tendon 

mineralized with high molecular weight polymer was around 24 wt% after 8 days of 

mineralization, even though the bovine tendon contained the calcification inhibitors.  On the 

other hand, the bovine tendon mineralized with low molecular weight polymer (Mw: 10,300 Da) 

contained only 6 wt% of hydroxyapatite.  The hydroxyapatite content of mineralized bovine 

tendon that was pre-treated with EDTA was increased to 12 wt%.  This sample also had the 

SAED pattern of hydroxyapatite.  Those results suggest that the calcification inhibitors in bovine 

tendon prevent the infiltration and crystallization of the amorphous precursor, and that 

intrafibrillar mineralization of densely-packed collagen scaffolds is enhanced when the high 

molecular weight poly-aspartic acid is used.   

Although the bovine tendon has densely packed collagen fibers, the mineral content of 

bovine tendon was only half of the mineral content of the loosely-packed synthetic collagen 

sponge mineralized under the same conditions.  The difference of collagen fiber densities 

between bovine tendon and collagen sponge and the sheath surrounding collagen fibers in tendon 

may cause the difference of mineral contents.  In either case, the PILP process is required to 

fabricate practical synthetic bone grafts.  Recent research by another member of the group 
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showed that the degree and rate of intrafibrillar mineralization could be enhanced by agitating 

the solution during the mineralization.  We believe that the agitation of solution may increase the 

number of contacts between dispersed precursor droplets and the collagen scaffold.  Therefore, a 

new experimental setup which can enhance the contact between scaffold and precursors should 

be considered for the development of dense bone substitutes.  

The degree of intrafibrillar mineralization of collagen fibrils via the PILP process depends 

on the molecular weight of poly-aspartic acid.  In the case of high molecular weight poly-aspartic 

acid, the precursor was stable and well-dispersed without precipitation or agglomeration.  On the 

other hand, with low molecular weight poly-aspartic acid, the precipitation of an amorphous 

phase caused by the agglomeration of precursor droplets was observed.  Even though the 

crystallization of the amorphous phase was inhibited by the addition of low molecular weight 

poly-aspartic acid, little to no intrafibrillar mineralization of the collagen fibrils was achieved 

(some amorphous phase may be present, as indicated by the enhanced collagen peak).  We 

hypothesize that the rapid precipitation or agglomeration of precursor droplets may hinder the 

infiltration of the precursor via the narrow gap zones in the collagen fibril.  Therefore, the 

formation of a stable precursor phase may be required to accomplish the high degree of 

intrafibrillar mineralization of collagen.  Although the reason why a high molecular weight 

polymer produces a more stable amorphous precursor than low molecular weight polymer is not 

fully understood, we suspect that the precursors formed by the high molecular weight polymer 

may act as charged particles in a stable colloidal system.  On the other hand, in the case of 

calcium carbonate system, the intrafibrillar mineralization of collagen sponge was achieved even 

with the rapid precipitation of precursor.  It is thought that the difference in the physical and 

electrostatic characteristics of precursor in calcium carbonate system may allow the intrafibrillar 
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mineralization of collagen sponge.  However, more investigation will be needed to verify the 

difference between precursors in calcium phosphate system and calcium carbonate system.      

To determine the veracity of our stable colloidal system hypothesis, zeta-potential analysis 

of the precursors via an indirect measurement using charged polystyrene beads as a substrate was 

done.  This analysis showed that the beads (PS-amine and PS-COOH) were incorporating with 

the charged precursor, and EDS analysis confirmed that the calcium and phosphate ions were 

adsorbed on the polystyrene beads.  Although the differences of zeta-potential values between 

samples, which were designed to verify the electrostatic character of precursor, were not 

significant, we could deduce the interfacial conditions of the precursors from the zeta-potential 

data with some speculation.  We suspect that because the high molecular weight polymer can be 

more negatively charged than the low molecular weight polymer, the high molecular weight 

polymer may more efficiently sequester the calcium ions.  Phosphate ions are then attracted by 

the sequestered calcium ions.  This sequential attraction of cations and anions may form the 

amorphous precursor whose interface is slightly negatively charged, and the charged interface of 

precursors may cause repulsion between precursor droplets, leading to the stable colloidal system.  

However, more investigation using an alternative method is required to verify the underlying 

cause of the stable precursor formation by high molecular weight polymer.  

As mentioned in the previous paragraphs, the intrafibrillar mineralization of collagen fibril 

is successfully achieved by the PILP process.  The addition of acidic polymer can induce the 

fluidic amorphous calcium phosphate precursors, which is thought to be drawn into the narrow 

interstices between tropocollagen molecules by capillary force.  Then, the amorphous precursors 

drawn into collagen fibril solidify and crystallize into hydroxyapatite crystals through metastable 

phases such as amorphous calcium phosphate solid, and maybe even octacalcium phosphate or 
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brushite.  Although the capillary action of individual fluidic precursors was not examined, 

confocal microscopy observations showed that the fluidic precursor, which incorporated the 

labeled poly-aspartic acid, was infiltrated into the densely-packed collagen scaffold (turkey 

tendon) more than 6 or 7 times further than the labeled polymer alone (via diffusive transport).  

Therefore, we suspect that capillary action may force the fluidic precursor, which is 

distinguished from the solution by a phase boundary, to migrate into turkey tendon over a long 

range.  This issue of the presence of a phase boundary is less resolved here than the in the 

calcium carbonate system, where the precursor droplets become large enough to visually observe 

them as being a distinct phase.  In the calcium phosphate system, the droplets are extremely 

small, and apparently only consist of one or two polymer chains, and they don’t settle or collect 

in the vessel or by centrifugation; therefore, the only evidence that there is a phase boundary for 

the calcium phosphate precursor is indirect, and that is the (potential) capillary action mechanism.   

In the case of thermal analysis (TG/DTA) of mineralized collagen, we could observe the 

decrease in thermal stability of collagen molecule as intrafibrillar mineralization progressed.  As 

the intrafibrillar mineralization progressed, the thermal stability of collagen was dramatically 

decreased, which was observed in human bone.  We thought that the decrease of thermal stability 

of collagen may be used as a simple characterization technique for determining whether the 

mineral is intrafibrillar or interfibrillar (surface mineral).  The presence of the metastable phase 

in the collagen scaffold mineralized via the PILP process was also examined by TG/DTA.  The 

DTA analysis of mineralized collagen showed that the collagen sponge at the early stage of 

mineralization contained amorphous calcium phosphate solid.  An exothermic reaction was 

observed at around 540-550oC corresponding to the transition of amorphous calcium phosphate 

to hydroxyapatite without significant weight loss.  
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Now, we can confidently state that the PILP process is a reliable method for the fabrication 

of bone-like composites at the nano-scale.  However, more research may be required to optimize 

the PILP process for practical bone-like composites.  First, more investigation into the innate 

characteristics of the amorphous precursor, such as ionic concentration, viscosity, charge 

character and molecular structure of the precursors, are required to optimize the PILP process for 

the mineralization of collagen.  In addition, those types of studies will help to expand the 

applications of the PILP process to various areas, including electronic, optical and structural 

materials, as well as biomedical materials.  Second, various experimental setups should be 

explored to scale up the PILP process to make bone substitutes which are large enough for 

implantation, and commercially viable.  Although several ideas were introduced in the 

dissertation, a systematic set of experiments is required to develop a practical setup that can be 

utilized by the industrial area.  The immobilization of growth factor on the mineralized collagen 

is also needed to enhance the osteoinductivity of the bone-like composites.  We hope that in the 

near future, the PILP process is highlighted as a new and remarkable technique for the forth 

generation bone grafts.   

Results of our research successfully demonstrate that a collagen scaffold can be 

mineralized by the PILP process, and that the nanostructure of collagen fibrils mineralized by the 

PILP process is almost identical to that of natural bone.  We are also confident that the PILP 

process may provide a new way to develop synthetic bone-like collagen/hydroxyapatite 

composites whose physical and chemical properties are very close to the properties of natural 

bone.  Moreover, we hope that our successful intrafibrillar mineralization of collagen via the 

precursor mechanism will revive discussions of bone mineralization via the amorphous calcium 

phosphate phase hypothesis.   
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