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General Introduction 
 

 

Bone is one of essential organs, which has various functional properties 

including structural support, protection of organs, and mineral ion homeostasis [1]. 

It is sometimes damaged because of disease, injury or aging. When the damage is 

small, it can be repaired due to the natural healing properties of bone. However, 

when the damage is large, it cannot be repaired naturally and surgical treatment is 

needed to replace the missing bone with a substitute. Although autografts and 

allografts are commonly used as substitutes, there are various problems with these 

materials such as limited supply, immune response and the risk of infections. In 

order to overcome the limitations of autografts and allografts, artificial materials 

have been used as bone grafts. Artificial materials implanted into a bone defect are, 

however, generally recognized as foreign and thus encapsulated by a fibrous tissue 

layer of collagen [2]. This is a normal reaction to protect our body from foreign 

substances. As a result of this, the material implanted into the bone defect is isolated 

from the surrounding bone and dose not bond to the living bone directly. 

 In the early 1970’s, Hench et al. [3-5] discovered that some glasses in the 

Na2O-CaO-SiO2-P2O5 system were able to directly bond to living bone without a 

fibrous tissue layer forming around them. Since the discovery of these glasses, 

named Bioglass, several ceramics that have bone-bonding ability have been 
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developed. For instance, sintered hydroxyapatite (Ca10(PO4)6(OH)2) [ 6 , 7 ], 

glass-ceramics containing crystalline apatite (Ceravital®) [8], and glass-ceramics 

containing crystalline oxyfluoroapatite and wollastonite (Cerabone® A-W) [9,10] 

can also directly bond to living bone. When these materials are implanted into bone 

defects, they form a hydroxyapatite layer on their surface and bond to living bone 

through this layer [11]. The formed hydroxyapatite is quite similar to hydroxyapatite 

in living bone in terms of composition and crystallinity, and is therefore often 

referred to as a bone-like apatite. 

In order to reproduce the hydroxyapatite formation on the materials in the 

living body, Kokubo et al. [12] proposed a simulated body fluid (SBF). SBF is a 

protein-free and acellular aqueous solution with ion concentrations nearly equal to  
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that of human blood plasma as shown on Table 1. When materials that have 

bone-bonding ability are soaked in SBF, they form a hydroxyapatite layer on their 

surfaces. 

The property that allows materials to bond to living bone, defined as a 

bioactivity, is attractive for achieving long-term fixation of the materials. Therefore, 

materials, such as Bioglass, sintered hydroxyapatite and some glass-ceramics, have 

been used as periodontal fillers, bone fillers, iliac crests, artificial vertebrae, and 

intervertebral discs in the orthopedic field. However, their mechanical properties 

limit their clinical use as they have lower fracture toughness and a higher elastic 

modulus than human bone [13]. Therefore, the development of the materials with 

bioactivity and high fracture toughness is also expected. Recently, it has been shown 

that titanium, titanium alloy and tantalum can be provided with bioactivity through 

chemical treatment with sodium hydroxide solution, followed by heat treatment 

[14-22] or treatment with hydrogen peroxide containing various kinds of metal salts 

[23]. These metallic materials show bioactivity as well as higher fracture toughness 

than conventional bioactive ceramics. However, they also have higher elastic 

moduli than cortical bone, which may cause resorption of the surrounding bone due 

to stress shielding effects. 

 Bone is a hybrid composed of 22 wt% organic matrix and 69 wt% 

hydroxyapatite. Hydroxyapatite in bone differs from sintered stoichiometric 

hydroxyapatite: it is usually calcium-deficient and carbonate-substituted apatite with 

low crystallinity [7]. It is formed as needle-like crystals, with 20-40 nm in length 

and with 1.5-3 nm in thickness, in collagen fiber matrix by a biomineralization 

process. These hydroxyapatite-containing collagen fibers are arranged into a higher 

ordered organization and result in the anisotropic structure of bone shown in Figure  
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1 [24-26]. This unique structure of bone provides excellent mechanical properties, 

such as high fracture toughness and low elastic modulus, and allows bone to bear 

stress. 

Lessons from the natural bone structure are useful for designing novel 

materials: a material consisting of hydroxyapatite and an organic polymer is 

believed to be a candidate for bone substitution. Bonfield et al. [27,28] first 

developed a material consisting of hydroxyapatite and an organic polymer: a 

composite of hydroxyapatite granules and high-density polyethylene. This 

composite, called HAPEX®, is clinically used in middle ear devices. It loses 

deformability when the hydroxyapatite content exceeds 40 vol%. When the 

hydroxyapatite content is reduced to less than 40 vol%, however, the composite 

cannot show high bioactivity because most of the hydroxyapatite granules are 

embedded in the polyethylene matrix [4]. 
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 Coating of hydroxyapatite also provides materials composed of 

hydroxyapatite and organic polymers. Hydroxyapatite coatings onto materials have 

been achieved by methods such as plasma splaying, electrostatic deposition, hot 

isostatic pressing (HIP’ing), ion beam sputtering and radio beam sputtering. The 

formation of hydroxyapatite through these methods, however, requires treatment at 

high temperature in or after the process of hydroxyapatite deposition. Therefore, it 

is impossible to apply these coating methods to hydroxyapatite coating of organic 

polymers. 

Hydroxyapatite found in bone is produced spontaneously in a physiological 

environment at low temperature from body fluid, since the body fluid is already 

supersaturated with respect to hydroxyapatite under normal conditions [29,30]. In 

order to apply this process, in which hydroxyapatite is produced in the body 

environment, to hydroxyapatite coating, deposition of hydroxyapatite from aqueous 

solutions has focused attention of many researchers in recent years [31-39]. This 

method is particularly suitable for coating polymeric materials [31-36], because it 

can be carried out under ambient conditions. Kokubo et al. [31] first proposed a 

biomimetic process in which a hydroxyapatite layer was coated onto the surface of a 

substrate using SBF. Figure 2 shows a diagram of the coating procedure through this 

process. The biomimetic process consists of two steps: hydroxyapatite nucleation 

and growth of the nuclei. A substrate is first soaked in SBF in contact with 

CaO-SiO2 based glass particles. Silicate ions are released from the glass particles 

and adsorbed on the substrate to induce formation of hydroxyapatite nuclei 

[32,39,40]. The substrate is subsequently soaked in another solution, such as SBF or 

a more saturated solution. Hydroxyapatite nuclei, formed on the substrate surface in 

the initial step, spontaneously grow into a hydroxyapatite layer consuming  
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surrounding ions because SBF is supersaturated with respect to hydroxyapatite even 

under normal conditions. The hydroxyapatite layer formed through this process 

consists of a carbonate-containing hydroxyapatite with small crystallites and a 

defective structure, it shows a high biological affinity when implanted into bone 

defects, and can bond tightly to living bone. [41]. However, the problem with this 

process is that the hydroxyapatite layer is only coated on the surface faced on glass 

particles. If nucleation of hydroxyapatite is induced more effectively, the 

hydroxyapatite layer would be deposited on the whole surface of the organic 

polymer substrate. 

Investigations into hydroxyapatite formation have demonstrated that 

hydroxyapatite nucleation on material surfaces in SBF are induced by specific 

functional groups.  Since the reports that -SiOH groups induce the formation of 
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hydroxyapatite nuclei [42-45], some functional groups other than -SiOH group, that 

can induce the formation of hydroxyapatite nuclei, have also been reported. The 

functional groups, such as -TiOH [46-48], -ZrOH [49], -TaOH [50] and -NbOH [51], 

induce hydroxyapatite nucleation on the surfaces of metal oxide gels, and -COOH, 

-OPO3H2 and -SO3H groups induce it on polymer surfaces [52,53]. The mechanism 

of hydroxyapatite formation on substrates with those functional groups has also 

been investigated: the nucleation of hydroxyapatite is initiated by incorporation of 

Ca2+ ions into those functional groups on the substrate surfaces, and then HPO4
2- and 

OH- ions subsequently bind to the positive surface, as shown in Figure 3. Once 

hydroxyapatite nuclei are formed, they spontaneously grow into the hydroxyapatite 

layer. 

 Many attempts to coat a hydroxyapatite layer onto the surfaces of various 

substrates containing functional groups that induce hydroxyapatite nucleation have 

been made in recent years, using a biomimetic process [54-59]. The majority of  
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them were aimed at inducing hydroxyapatite nucleation by chemical modifications 

of the organic polymer to produce nucleation sites. However, the relationship 

between the arrangement of functional groups and hydroxyapatite formation has not 

been well considered. 

Formation of hydroxyapatite also occurs in the living body to produce bone 

and teeth. This hydroxyapatite formation, so-called biomineralization, normally 

relates to many kinds of proteins. For instance, osteocalcin, the most abundant 

noncollagenous protein in bone, plays an important role in binding to hydroxyapatite 

because it contains γ-carboxylated glutamic acids (Gla) residues. The domain 

containing Gla residues in osteocalcin has an α helix structure, and it provides the 

precise calcium-binding sites that allow binding to hydroxyapatite with a spatial 

matching [60]. Dentin matrix protein 1 (DMP1), a protein that is present in bone and 

teeth, is also thought to play a structural and/or regulatory role during mineral 

formation: the self-assembled β sheet acidic domains in DMP1 could be an ideal 

template for apatite nucleation [61]. In both cases, the specific structures of the 

proteins, such as α helix and β sheet affect the formation of hydroxyapatite. A similar 

phenomenon is also seen even in shell nacre that is composed of calcium carbonate 

and an acidic protein matrix containing aspartic acids. The protein has a β sheet 

structure and the directed arrangement by the β sheets plays an important role in 

mineral formation with an orientation [62]. These suggest that, not only the contents 

of acidic functional groups, but also their arrangement, are considerable factors for 

effective inducement of heterogeneous nucleation of hydroxyapatite.  

On the basis of the phenomena described above, this study is focused on the 

investigation of hydroxyapatite deposition on polypeptides in a solution mimicking 

body fluid to clarify the relationship between the secondary structure of polypeptide 
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and hydroxyapatite formation under biomimetic conditions. Clarification of this 

issue brings important information to obtain a guideline for the design of organic 

polymer substrates for preparing a novel hydroxyapatite-organic polymer hybrid as 

well as to understand the mechanism of biomineralization. In particular, the 

arrangement of functional groups that are essential for effective inducement of 

heterogeneous nucleation of hydroxyapatite on organic polymer substrate will be 

demonstrated. 

This study considered which proteins would be appropriate for investigating 

of hydroxyapatite formation as well as for use as a novel material in the biomedical 

field. As the protein utilized for the mineralization substrates, silk protein was 

focused on in this study, because of its unique composition of amino acids and 

secondary structure. Furthermore, silk has been paid much attention in the field of 

biomedical materials. For instance, silk fiber has been used as a surgical suture for 

centuries because of its outstanding mechanical strength and potential 

biocompatibility. In addition, the many functions of silk proteins, fibroin and sericin, 

were also investigated: fibroin with chemical modification has antimicrobial 

properties, anticoagulant properties, and affinity to bone tissue without any 

reduction in mechanical properties; sericin has a proliferative effect of cell, 

antioxidant effect, tumor-suppression, etc [63-75]. These indicate that silk protein 

on which hydroxyapatite is deposited has the potential to be a novel material for 

medical applications. 

For the process of hydroxyapatite formation, the auther used the biomimetic 

aqueous solution, known as 1.5SBF, that has 1.5 times the ion concentrations of 

SBF. Figure 4 shows logarithms of the degree of supersaturation of hydroxyapatite 

in the various kinds of biomimetic solutions. The values of the degree of  
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supersaturation (IAP/KSO) were calculated from ionic activity products (IAP) with 

respect to stoichimetric hydroxyapatite given by the following equation, 
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where γ is the activity coefficient and [ ] is the concentration of each ion, and the 

solubility product of hydroxyapatite in an aqueous solution (KSO = 5.5×10-118) [43]. 

The degree of supersaturation of hydroxyapatite increases according to the increase 

in pH and the ion concentrations of the biomimetic solutions. The facility of the 

heterogeneous nucleation of hydroxyapatite is related to the degree of 

supersaturation, and a greater degree of supersaturation results in hydroxyapatite 
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nucleation occurring more rapidly. It should be mentioned that these are able to be 

metastable solutions, at least for 7 days, even in the case of 1.5SBF. 

In Chapter 1, hydroxyapatite formation on the surfaces of silk fibers in 

1.5SBF was investigated. Raw silk fiber obtained by filature of cocoon filaments is 

composed of core fibers of fibroin and surrounding sericin. Degummed silk (normal 

silk) fiber is obtained by elimination of surface sericin as shown in Figure 5. In 

other words, different surfaces in terms of their composition of amino acids can be  
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easily obtained. Therefore, two kinds of fabrics made from raw silk and normal silk 

were examined. The potential of silk protein as a novel substrate for hydroxyapatite 

coating was proposed. 

In Chapter 2, the structural effect of sericin on hydroxyapatite formation was 

investigated. Sericin may be a suitable protein for investigating the structural effects  

on hydroxyapatite-formation because its structure can be easily changed [76-79]. 

Sericin films with different structures were prepared under various conditions and 

their hydroxyapatite-forming ability was examined. The results were discussed in 

terms of secondary structure and molecular weight of sericin. 

 In Chapter 3, hydroxyapatite deposition on synthetic polypeptide surface 

was examined to confirm the structural effect of the polypeptides on hydroxyapatite 

formation. Some polypeptides were designed on the basis of the findings in Chapter 

2 and their hydroxyapatite-forming ability was examined. 

In the General Summary, the contents of the above chapters were 

summarized along with the general conclusion of the present thesis and future 

perspectives. 
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Chapter 1 

 
 
Formation of Hydroxyapatite on Silk Fiber in a Solution 

Mimicking Body Fluid 

 

 

1. Introduction 

Hydroxyapatite-organic polymer hybrid is expected as a useful material for 

biomedical application because it shows both high biocompatibility of 

hydroxyapatite and flexibility of organic polymer. To fabricate such a hybrid, 

Kokubo et al. [1,2] have proposed a coating method of hydroxyapatite called as 

biomimetic process. In this process, a hydroxyapatite layer was coated on the 

surface of an organic polymer substrate in a simulated body fluid (SBF) that is an 

aqueous solution with inorganic ion concentrations nearly equal to human blood 

plasma (Table 1.1). When a rapid deposition of hydroxyapatite was required, more 

saturated solutions such as 1.5SBF, which has 1.5 times higher ion concentrations 

than those of SBF, has been used. Tanahashi et al. [3] reported that nucleation of 

hydroxyapatite in these aqueous solutions induced by specific functional groups on 

the organic polymer surface, such as carboxyl (-COOH) groups and phosphate 

(-PO4H2) groups because they are negatively charged and can interact with Ca2+ ions   
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in SBF. Once hydroxyapatite nuclei are formed on the surface of a substrate, they 

spontaneously grow into a hydroxyapatite layer because SBF is supersaturated with 

respect to hydroxyapatite even under normal conditions. Therefore, it is a key 

engineering to find substrates that effectively induce hydroxyapatite nucleation to 

achieve a successful coating of hydroxyapatite utilizing SBF. 

It was previously reported that synthetic polyamide films containing 

carboxyl groups or sulfonic groups could induce a hydroxyapatite nucleation in 

1.5SBF when the films were modified with calcium salts [4,5]. These findings show 

that organic polymers with specific functional groups can induce heterogeneous 

nucleation of hydroxyapatite. This study focused on natural polypeptides, silk 

proteins, as organic substrates for coating of hydroxyapatite. Because silk fiber is a 
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natural organic fiber derived from silkworm that has a possibility of being used as 

biomaterials owing to their biological properties. For instance, proteins consisting of 

silk fiber, fibroin and sericin, have been studied in the field of biomaterials science 

in recent years, and their excellent functions such as the ability to accelerate cell 

proliferation were documented [6-17].  

 The structures of silk fibers are shown in Figure 1.1. Raw silk fiber is 

obtained by filature of silkworm cocoon filament. This is composed of core fibers of 

fibroin and surrounding sericin. Degummed silk (normal silk) fiber is obtained by 

elimination of surface sericin from raw silk fiber. In other words, these fibers 

contain different kinds of proteins, fibroin and sericin, on their surfaces respectively. 

Two kinds of woven fabrics made from raw silk and normal silk were first soaked in 

1.5SBF to examine hydroxyapatite formation on the silk proteins.  
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2. Experimental procedure 

2.1. Preparation of specimens 

Two types of silk fabrics were supplied from the Kyoto Prefectural Institute 

for Northern Industry, Japan: one was made from raw silk fiber, and the second 

from degummed silk (normal silk) fiber. The former was denoted as R-silk, and the 

latter was as N-silk in this study. Macroscopic images of these fabrics were shown 

in Figure 1.1. Specimens were cut from the fabrics into a sheet of dimensions  

10 mm×10 mm, and washed with ultra-pure water. The film made from sericin 

solution was also prepared. An aqueous solution containing 0.3 mass% of sericin, 

supplied from the Kyoto Prefectural Institute for Northern Industry, Japan, was 

dropped into a polystyrene Petri dish, and it was allowed to dry at room temperature 

in air to form a sericin film at the bottom of the dish. 

 

2.2. CaCl2 treatment of the specimens 

Aqueous solutions containing CaCl2 (Nacalai Tesque Inc., Japan) in 

concentration of 0.01, 0.1, 1 or 5 M (=kmol⋅m-3) were prepared. The samples of 

R-silk and N-silk were soaked in 30 mL of the CaCl2 aqueous solutions in various 

concentrations at 36.5°C respectively. After keeping at 36.5°C for 24 hours, the 

samples were rinsed with ultra-pure water.  

 

2.3. Soaking in 1.5SBF 

The specimens of R-silk and N-silk, with and without the CaCl2 treatment, 

were soaked in 30 mL of 1.5SBF at 36.5°C. After keeping at 36.5°C for 7 days, they 

were rinsed with ultra-pure water and dried at room temperature in air. The sericin 

film formed at the bottom of Ptri dish was also exposed to 15 mL of 1.5SBF at 
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36.5°C for 7 days, rinsed with ultra-pure water, and dried. The solution, 1.5SBF, 

was prepared using the method reported by Kokubo et al. [2]. The amounts of 

chemicals using for preparing 1 litter (=L) of 1.5SBF were summarized in Table 1.2. 

The chemicals of NaCl, NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2, and 

Na2SO4 (Nacalai Tesque Inc., Japan) were dissolved in 700 mL of ultra-pure water, 

one by one in the order given on Table 1.2, at 36.5°C. The pH of the solution was 

buffered at 7.25 using 75 mol⋅m-3 of tris(hydroxymethyl)aminomethane (Nacalai 

Tesque Inc., Japan) along with an appropriate volume of 1 kmol·m-3 hydrochloric 

acid solution. After cooling at room temperature, the total volume of the solution 

was adjusted to 1 L using measuring flask by adding ultra-pure water. 
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The surfaces of the specimens both before and after soaking in 1.5SBF were 

observed under a scanning electron microscope (SEM; S-3500N, Hitachi Co., Ltd., 

Tokyo, Japan) equipped with an energy dispersive X-ray microanalyser (EDX; 

EMAX ENERGY EX-400, HORIBA, Ltd., Kyoto, Japan). The surfaces of the fibers 

were also characterized using X-ray fluorescence element analysis (XRF, 

MESA-500, Horiba, Ltd., Japan) employing a rhodium target and thin-film X-ray 

diffraction (TF-XRD; M18XHF22-SRA, MAC Science Co., Ltd., Yokohama, Japan). 

In the SEM observations, the surfaces of some of the specimens were coated with 

sputtered gold. In the TF-XRD apparatus, the incident beam was set at 1° against the 

specimen.  

 

3. Results 

Figure 1.2 shows SEM images of R-silk and N-silk surfaces without any 

CaCl2 treatments, before and after soaking in 1.5SBF at 36.5°C for 7 days. Any 

changes were not observed between N-silk surfaces before and after soaking in 

1.5SBF. On the other hand, spherical particles with 2-3 µm in diameter were 

observed on R-silk surface soaked in 1.5SBF. Figure 1.3 shows SEM image of the 

deposited particles on the R-silk surface after soaking in 1.5SBF for 7 days. The 

morphology of these particles was that of an assembly consisting of finer particles. 

This morphology is similar to that of hydroxyapatite crystals observed on bioactive 

glasses soaked in SBF [18,19]. Figure 1.4 shows XRF spectrum of these particles on 

the R-silk surface. This result indicates that particles predominantly contained 

calcium and phosphorus. These results indicate that small quantities of 

hydroxyapatite are deposited on the surface of R-silk after exposure to 1.5SBF. 
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In SEM observations on R-silk and N-silk surfaces before and after 

treatment with various concentrations of CaCl2 aqueous solutions, any changes were 

not observed on the surfaces of specimens. Figure 1.5 shows EDX spectra of R-silk 

and N-silk surfaces before and after treatment with CaCl2 aqueous solutions. A peak 

assigned to calcium detected for R-silk without the CaCl2 treatment was attributed 

to calcium contained in sericin naturally. Peak intensity of calcium and chlorine 

increased according to the increase in concentrations of CaCl2 aqueous solutions for 

R-silk. However, these intensities were not so changed for N-silk even after the 

CaCl2 treatment. Figures 1.6 and 1.7 show SEM images of R-silk and N-silk 

surfaces that were treated with various concentrations of CaCl2 aqueous solutions 

and subsequently soaked in 1.5SBF for 7 days. It was obvious that the deposition of 

the fine particles on the R-silk surface had significantly increased to cover whole 

surface of the fibers after their immersion in 1.5SBF, when the cloth was subjected 

to a prior treatment with a CaCl2 solution at concentrations above 1 M. In contrast, 

no deposition was observed on the N-silk surface, even when the specimen was 

treated with CaCl2 solutions at concentrations up to 5 M. Figure 1.8 shows TF-XRD 

patterns of the surface of the specimens treated with various CaCl2 concentrations 

and subsequently soaked in 1.5SBF for 7 days. Broad peaks that could be assigned 

to hydroxyapatite were detected around 2θ = 26 and 32o for the R-silk treated with 

CaCl2 solutions at concentrations above 0.1 M. These results indicate that particles 

deposited on R-silk surface were hydroxyapatite and their deposition was 

accelerated by prior treatment with a solution containing 1 M of CaCl2 or more. 
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Figure 1.9 shows SEM images of sericin film surfaces before and after 

soaking in 1.5SBF for 7 days. Assemblies of fine particles with similar 

morphologies to those seen in R-silk surface soaked in 1.5SBF were observed on 

sericin film surface after soaking in 1.5SBF. The result of XRF analysis of sericin 

films after soaking in 1.5SBF is shown in Fig. 1.10. It is obvious from the XRF 

spectrum that calcium and phosphorus are the dominant inorganic constituents of 

the sericin film after soaking in 1.5SBF for 7 days. This result supports the 

proposition that the deposited particles consist of hydroxyapatite. 
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4. Discussion 

It is apparent from the results seen in Figure 1.2, that R-silk has the ability to 

deposit hydroxyapatite in 1.5SBF, although the rate of hydroxyapatite deposition is 

not enough to cover the entire surface of the fibers within 7 days. In contrast, N-silk 

does not have the ability to deposit hydroxyapatite under the same conditions. This 

indicates that the surface of the R-silk has the potential to induce heterogeneous 

nucleation of hydroxyapatite in 1.5SBF. Hydroxyapatite deposition is known to be 

initiated by some functional groups that exist on the surface of a material [20,21]. 

Therefore, the R-silk must have specific functional sites for hydroxyapatite 

nucleation on its surface. R-silk consists of sericin and N-silk consists of fibroin, as 

shown in Figure 1.1. Namely, the heterogeneous deposition of hydroxyapatite on the 

surface of R-silk is attributed to the presence of sericin. The ability of sericin to 

form hydroxyapatite is confirmed by the results seen in Figures. 1.9 and 1.10. 

Consequently, it was clarified that sericin has the ability to induce heterogeneous 

nucleation of hydroxyapatite in 1.5SBF. 

The potential of sericin to provide heterogeneous nucleation sites for 

hydroxyapatite is much higher than that of fibroin. Sericin is a protein characterized 

by about 30 mol% of serine that has hydroxyl (-OH) group in the side chain as given 

on Table 1.3 [22,23]. Sericin also contains high content of hydrophilic and ascidic 

amino acid as well as serine, threonine and tyrosine with hydroxyl group and 

aspartic acid and glutamic acid with carboxyl group, and they lead high 

hydrophilicity surface of sericin. The surface composed of these amino acids of 

sericin may provide nucleation sites for hydroxyapatite. 

Tanahashi et al. [3] previously investigated the dependence of surface 

functional group on hydroxyapatite deposition using self-assembled monolayers 
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(SAMs) of alkanethiols having methyl (-CH3), phosphate (-PO4H2), carboxyl 

(-COOH), amide (-CONH2), hydroxyl (-OH) and amino (-NH2) terminal groups. In 

their study, the growth rate of hydroxyapatite on the SAMs decreased in the order, 

! 

"PO
4
H
2

> "COOH >> "CONH
2
# "OH > "NH

2
>> "CH

3
# 0, 
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and the rate on PO4H2- and COOH-SAMs after soaking in SBF for 10 days were much 

higher than that on CONH2- and OH-SAMs. Specifically, the rate on PO4H2- and 

COOH-SAMs were 0.4 and 2.4×10-3 µm/day while CONH2- and OH-SAMs were 

4×10-4 and less than 1×10-4 µm/day respectively.  Figure 1.11 shows various  
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interaction modes between calcium and phosphate ions and surface functional groups 

at an initial step for hydroxyapatite formation. The decrease in the growth rate could 

be attributed to the strength of interactions between calcium and phosphate ions and 

surface functional groups. Namely, negatively charged phosphate and carboxyl 

groups interact with Ca2+ ion electrostatically and then strongly induced 

hydroxyapatite formation. This finding indicated that hydroxyapatite formation was 

dominantly initiated via calcium ion-adsorption upon complexation with a negative 

surface-charged group. 

On the basis of this report, amino acids contained in sericin and fibroin were 

classified into 5 groups, carboxyl, amide, hydroxyl, amino and hydrophobic 

containing groups, as given on Table 1.4. Sericin contains approximately 20 mol% of 

COOH group, whereas fibroin contains only 3 mol%. It should be noted that sericin 

contains approximately 44 mol% of OH group. However, the growth rate of 

hydroxyapatite on COOH containing surface were more than 10 times higher than that  
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on OH containing surface according to the report of Tanahashi et al.. Therefore, the 

contribution of the amino acids containing OH groups to induction of hydroxyapatite 

nucleation on sericin can be exclude. This indicated that carboxyl groups in aspartic 

acid and glutamic acid dominantly induced hydroxyapatite nucleation on sericin. This 

means that polypeptides rich in carboxyl groups may act as template substances to 

induce the deposition of hydroxyapatite crystals.  

It is also noted that treatment with CaCl2 solutions at concentrations of 1 M 

or more is effective in increasing the rate of hydroxyapatite deposition on R-silk 

surface. Incorporation of a high concentration of CaCl2 with sericin on the R-silk 

surface may lead to acceleration in heterogeneous nucleation of hydroxyapatite by 

the release of Ca2+ ions from the fibers into the surrounding solution. The release of 

Ca2+ ions from the fiber increases the degree of supersaturation of the surrounding 

solution with respect to the hydroxyapatite. The increased degree of supersaturation 

supports a catalytic effect of the carboxyl groups for heterogeneous nucleation of 

the hydroxyapatite on sericin. Takadama et al. reported that silanol groups provide a 

nucleation site for hydroxyapatite formed from amorphous calcium silicate 

compounds comprising ≡SiOCa+ and (≡SiO)2Ca, by incorporation of calcium ions 

before the hydroxyapatite deposition [24]. In the case of carboxyl groups, such 

complexes as -COOCa+ and (-COO)2Ca can be formed on the materials' surface, as 

shown in Figure 1.12. Prior treatment with an aqueous solution containing Ca2+ ions 

may increase the number of -COOCa+ and (-COO)2Ca complexes, even before 

immersion in 1.5SBF. This would make it easy for hydroxyapatite deposition to 

occur following immersion in biomimicking solutions such as 1.5SBF. 
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5. Conclusion  

Sericin, a protein derived from silkworm, has the potential to induce 

hydroxyapatite deposition on its surface in biomimicking solutions such as 1.5SBF. 

The inducement of hydroxyapatite nucleation may be attributed to the existence of 

carboxyl groups on sericin. Hydroxyapatite formation on sericin can be accelerated 

by prior treatment with an aqueous solution containing calcium ions, such as a 

CaCl2 solution, having a concentration of 1 M or more. These findings support the 

proposition that novel organic–inorganic hybrids can be produced under biomimetic 

conditions utilizing a raw silk fiber rich in carboxyl groups as a substrate for the 

deposition of hydroxyapatite crystals. 
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Chapter 2 

 
 
Formation of Hydroxyapatite on Silk Sericin in a Solution 

Mimicking Body Fluid: Structural Effect of Sericin 

 

 

1. Introduction 

Bone and tooth are composites with a unique structure: nano-crystalline 

hydroxyapatite is packed and aligned cooperatively between organic matrices, such 

as collagen and some acidic proteins. This structure is constructed as a result of 

mineralization in a living body, a process known as biomineralization. During 

mineral formation, the organic matrix plays an important role, as it controls the 

location and organization of nucleation sites, and structure and orientation of 

hydroxyapatite [1]. It was proposed that noncollagenous proteins that bind to 

hydroxyapatite crystals in bone and tooth have precise calcium-binding sites 

dictated by the structure of the proteins such as α helix and β sheet [2,3]. These 

phenomena provide us with a hypothesis: an arrangement of functional groups that 

induce heterogeneous nucleation of hydroxyapatite must be important for effective 

nucleation of hydroxyapatite, as well as an existence of the functional groups. 

A biomimetic process utilizing a simulated body fluid (SBF) or more 
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saturated solutions such as 1.5SBF, that has 1.5 times ion concentrations of SBF, 

has focused attention on coating of hydroxyapatite onto organic polymers [4,5]. To 

achieve a coating of hydroxyapatite, the existence of specific functional groups that 

induce heterogeneous nucleation of hydroxyapatite, such as silanol, carboxyl, and 

phosphate groups, on organic polymer surfaces is required [6-8]. However, the 

arrangement of functional groups on organic polymer surfaces has not been well 

considered. 

This study focused on examining the structural effect of silk sericin on 

hydroxyapatite formation in 1.5SBF. In Chapter 1, it was shown that sericin had an 

ability to induce hydroxyapatite nucleation effectively in 1.5SBF. Sericin may be a 

suitable organic polymer to study structural effect on hydroxyapatite deposition 

because its molecular weight and secondary structure can be easily changed [9-12]. 

In this Chapter, sericin films with different structures were prepared, and their 

ability to form hydroxyapatite in 1.5SBF was examined. 

 

2. Experimental procedure 

2.1. Preparation of sericin 

Four types of sericin solutions were prepared under different conditions. 

Preparation conditions and abbreviated name of sericins were summarized in Table 

2.1. The solutions were prepared by the dugummig raw silk fiber of Bombyx mori in 

ultra-pure water without any agents such as sodium carbonate to avoid 

contaminations. The degumming process was performed using an autoclave 

(SV-302 II, Advantec Toyo, Ltd., Japan) at either 105 or 120°C for 1 hour. Some of 

the samples were stored at 4°C for 2 weeks. 
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2.2. Characterization of samples 

Molecular weights of the sericins were determined using gel permeation 

chromatography (GPC) employing an ÄKTA purifier system (Amersham 

Biosciences Corp., NJ, USA), using the following experimental parameters: column 

= Superdex 200 HR 10/30, elution buffer = 10 mM phosphate buffer containing 150 

mM NaCl (PBS, pH = 7.4), flow rate = 0.5 mL/min, and detection wavelength = 215 

nm. The peak molecular weight was calculated from a standard curve obtained using 

an Amersham Biosciences gel filtration calibration kit. The concentration of sericin 

in the extracted solution was determined using a bicinchoninic acid (BCA) protein 

assay kit (Pierce, Rockford, IL, USA). The solution was diluted with ultra-pure 

water to a concentration of approximately 0.3 mg/mL. Then, 0.3 mg/mL of the 

sericin solution was analysed using circular dichroism (CD) spectroscopy (J-820, 

JASCO, Japan). The sericin films were fabricated onto a polyethylene film by 

drying solutions containing 6 mg/mL of sericin. The sericin layer on the 

polyethylene film was analyzed using Fourier transform infrared (FT-IR) 

spectroscopy (Spectrum One, Perkin Elmer Ltd., UK). 



Chapter 2 
                                                                       

                                                                          
48 

2.3. Soaking in 1.5SBF 

Films were prepared by casting the solution in a Petri dish (diameter = 60 

mm, height = 15 mm) to form a thin sericin film on the bottom of the dish. The cast 

films were exposed to 1.5SBF. The solution was buffered at pH = 7.25 using 75 

mol⋅m-3 of tris(hydroxymethyl) aminomethane, along with an appropriate volume of 

hydrochloric acid, following the method reported by Kokubo et al. [2]. The 

temperature of the solution was maintained at 36.5°C. A volume of 15 mL of 

1.5SBF was poured into a Petri dish coated with a sericin film, and kept for 7 days 

at 36.5°C. The films were observed both before and after soaking in 1.5SBF using a 

scanning electron microscope (SEM, S-3500N, Hitachi Ltd., Japan). In the SEM 

observations, the surfaces of some of the samples were coated with a sputtered gold 

film. The surfaces of the films were characterized using thin-film X-ray diffraction 

(TF-XRD, MXP3V, MAC Science Ltd., Japan). In the TF-XRD apparatus, the 

incident beam was set at an incident angle of 1° against the sample surface. 

 

3. Results 

Figure 2.1 shows the GPC profiles of sericins extracted under various 

conditions. The most frequent distribution in the molecular weight appeared at 

approximately 159 kDa and 43 kDa for Samples 105-0d and 120-0d, respectively. 

The sericin samples stored at 4°C for 2 weeks showed molecular weights, 141 and 

37 kDa respectively, and they were almost equal to those of the as-prepared sericins. 

Figure 2.2 shows the CD spectra of these sericin samples. The CD spectrum of 

105-0d was assigned as a random coil structure from a negative cotton band 

occurring near to 198 nm [13-16]. After storage for two weeks storage at 4°C, the 

intensity of the band at 198 nm decreased and a positive cotton band were detected. 
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This shows that the content of β sheet structure of sericin increased during storage 

of the solution. The behavior of the sericin extracted at 120°C was similar to that of 

the sericin extracted at 105°C. However, the content of β sheet structure in 105-2w 

was higher than that in 120-2w. 

Figure 2.3 shows the FT-IR spectra of the sericin films. The two absorption 

bands located at 1655 and 1550 cm–1 were assigned to the amide I (υC=O) and 

amide II (δN–H) stretches, respectively. The absorption peak located at 1655 cm–1 

was attributed to a random coil structure [17]. A shoulder peak located at 1626 cm–1 

was attributed to a β sheet structure. The intensity of the latter peak was 

significantly higher for the film prepared using 105-2w than for the film prepared 

using 105-0d. This tendency was also observed for films prepared from sericin 

extracted at 120°C. However, the increase in intensity was less than that detected in  
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the spectra of films prepared from sericin extracted at 105°C. These results indicate 

that a random coil structure is dominant in sericin films prepared immediately after 

extraction. The proportion of β sheet structure increased during ageing at 4°C, and 

the proportion of the β sheet structure in sericin extracted at 105°C was higher than 

that in sericin extracted at 120°C. Figure 2.4 shows β sheet contents in sericin films 

calculated from the ratio of assigned peak area in amide I region. The peak 

assignment was done via Gaussian curve-fitting using Igor Pro (Wave Metrics, Inc.). 

The content of β sheet in the film of 105-2w was approximately 42 % and it was the 

highest than the other films. 
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Figure 2.5 shows SEM images of the surfaces of sericin films soaked in 

1.5SBF for 7 days. Among the films prepared from the extracted sericin, only the 

film prepared from 105-2w had particles deposited on its surface. On the surfaces of 

the films prepared from the other sericins, any changes in their morphology were 

not observed. The TF-XRD patterns of the sericin films soaked in 1.5SBF for 7 days 

are shown in Figure 2.6. A broad peak assigned to hydroxyapatite was detected only 

in the film prepared from 105-2w after soaking in 1.5SBF. These results confirm 

that the particles formed on the film after soaking in 1.5SBF were hydroxyapatite. 

 

4. Discussion 

From the results described above, hydroxyapatite deposition was not 

observed in all the sericin films, but was observed only for a certain type of sericin 

film. Deposition of hydroxyapatite on a substrate in 1.5SBF is initiated by the 

existence of a substance that can induce heterogeneous nucleation of hydroxyapatite. 

Therefore, only the sericin film prepared from 105-2w had the potential to induce 

heterogeneous nucleation of hydroxyapatite. The CD and FT-IR spectra data 

showed that the film made from 105-2w had the highest content of β sheet structure 

among the prepared sericin films. The higher molecular weight of 105-2w than 

120-2w may enable the sericin to form higher content of β sheet. These results 

indicate that sericin film with high content of β sheet structure produce an effective 

surface for hydroxyapatite formation. 

Previous studies have reported that hydroxyapatite deposition can be 

initiated by functional groups existing on the surface of a material [6-8]. Carboxyl 

groups are effective for nucleation of hydroxyapatite in solutions that mimic body 

fluid [8]. Nucleation of hydroxyapatite on sericin film surface must be induced by  
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carboxyl groups contained in acidic amino acids in sericin [18], as shown in Chapter 

1. Interestingly, the results of this study indicated that heterogeneous nucleation of 

hydroxyapatite on sericin is governed by its secondary structure as well as the 

existence of carboxyl groups. When a protein has a β sheet structure, functional 

groups of side chains in amino acids generally point above and below the β sheet 

alternately [19]. The β sheet structure in sericin molecules allows an orientation of 

carboxyl groups, whereas the random coil does not. Namely, about half amount of 

the carboxyl groups in sericin can be arranged perpendicular to the sheet when the 

sericin has an ideal β sheet structure, as shown in Figure 2.7. Such a specific 

arrangement of the functional groups would provide the sites that are suitable for 

hydroxyapatite nucleation. Consequently, hydroxyapatite nucleation on a substrate 

in a solution mimicking body fluid is very sensitive to such structural arrangements 

of functional groups. This finding is useful for the design of organic polymers that  

 

 



Formation of Hydroxyapatite on Silk Sericin 
                                                                       

                                                                          
55 

can effectively induce hydroxyapatite nucleation. 

 

5. Conclusion 

Sericin, a protein derived from silkworm, can induce hydroxyapatite 

deposition on its surface in a solution mimicking body fluid, when it has a high 

content of β sheet structure. This indicates that the induction of hydroxyapatite 

nucleation is governed by the arrangement of carboxyl groups on the protein. This 

finding is valuable to design novel organic polymers for preparing hybrid materials. 
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Chapter 3 
 
 
Formation of Hydroxyapatite on Synthetic Polypeptide in 

a Solution Mimicking Body Fluid 

 

 

1. Introduction 

Hydroxyapatite coating on organic polymers is an appealing way to develop 

hybrid materials for medical applications. The biomimetic process has been focused 

attention on fabricating such hybrids where a hydroxyapatite layer can be coated 

onto organic substrates, either by using a simulated body fluid (SBF) with ion 

concentrations nearly equal to those of human blood plasma or more concentrated 

solutions such as 1.5SBF, that has 1.5 times the ion concentrations of SBF [1,2]. In 

order to achieve a successful coating of hydroxyapatite utilizing these solutions, it is 

necessary to find organic polymers that effectively induce hydroxyapatite nucleation. 

In Chapters 1, it was shown that sericin, a kind of silk protein, had an ability to 

effectively induce hydroxyapatite nucleation. It was shown in Chapter 2 that the 

ability of sericin containing a β sheet structure to induce hydroxyapatite nucleation 

was higher than that of sericin with a random coil structure. Specifically, sericin 

may provide an effective surface for hydroxyapatite nucleation due to the existence 
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of carboxyl groups and the formation of the β sheet structure. However, it is 

difficult to investigate these effects on hydroxyapatite nucleation in detail because 

sericin consists of many kinds of amino acids, such as serine. In this Chapter, 

therefore, synthesis of polypeptide containing carboxyl groups and β sheet structure 

was attempted. Hydroxyapatite formation on its surface was examined in order to 

confirm the effect of carboxyl groups and β sheet structure on the induction of 

heterogeneous nucleation of hydroxyapatite. 

Xiong et al. [3] reported that peptides with alternating nonpolar and polar 

amino acid residues have a tendency to form a β sheet structure. According to this 

report, peptides consisting of 8 amino acid residues alternating polar/nonpolar 

amino acids were designed. As nonpolar amino acids, alanine (A), valine (V), 

leucine  (L) and phenylalanine (F) were selected. Levitt [4] reported that these 

amino acids have different preferences for α helix and β sheet, as shown on Table 

3.1. In particular, valine and phenyalanine favor β sheet formation because of the 

bulky side chains, β branched alkyl group and phenyl group (Figure 3.1). Therefore, 

the peptides containing valline and phenylalanine are expected to form a β sheet 

structure. On the other hand, alanine and leucine favor α helix. The peptides 

containing alanine and leucine are, therefore, expected to have less content of β 

sheet than the peptides containing valline and phenylalanine. As a polar amino acid, 

glutamic acid (E) was selected. Glutamic acid contains a carboxyl group in the side 

chain and it is expected to induce hydroxyapatite nucleation in a solution mimicking 

body fluid. As a control, a peptide that does not contain carboxyl groups in the side 

chain, the peptide containing glutamine (Q), instead of glutamic acid, was also 

synthesized. The amino acid sequences of peptides synthesized in this Chapter are 

summarized in Table 3.2. As a residue at C-terminal of peptides, glycine, which is 
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indifferent to racemization occurring during peptide synthesis, was selected. In this 

Chapter, these peptides were prepared. Their hydroxyapatite-forming ability in 

1.5SBF was investigated.  

 

 
 

 



Chapter 3 
                                                                       

                                                                          
62 

 

 

2. Experimental procedure 

2.1. Preparation of peptides 

The peptides were prepared using an ABI-433A Peptide Synthesizer 

(Applied Biosystems, CA, USA) using solid-phase Fmoc chemistry. They were 

cleaved from the resin with either trifluoroacetic acid (TFA, Peptide Institute, Inc., 
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Osaka, Japan) containing 5% water or TFA containing 2.5% ethanedithiol and 2.5% 

water. The obtained peptides were used without purification because the peptides, 

except for (AE)3AG, were poorly soluble in water. The secondary structures of the 

peptides were determined by circular dichroism (CD) spectroscopy using a J-820 

spectrometer (JASCO, Japan). The peptide of (AE)3AG was dissolved to the 

concentration of 0.3 mg/mL in ultra-pure water. The other peptides were dissolved 

to the concentration of 0.6 mg/mL in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 

Wako Pure Chemicals, Osaka, Japan) and an equal volume of either ultra-pure water 

or HFIP was then added to obtain 0.3 mg/mL of peptide solutions in either 

HFIP/H2O= 1/1 or HFIP. Spectra were acquired at 25°C in a 1 mm cuvette.  

 

2.2. Polymerization of peptides 

The peptides were polymerized in dimethyl sulfoxide (DMSO, MERCK, 

Tokyo, Japan) using diisopropylethylamine (DIPEA, Peptide Institute, Inc., Osaka, 

Japan), 1-hydroxybenzotriazol (HOBt, Peptide Institute, Inc., Osaka, Japan) 

and1-ethyl 3-(3-dimethyl-aminopropyl) -carbodiimide (EDC⋅HCl, Peptide Institute, 

Inc., Osaka, Japan). The peptides were dissolved at the concentration of 10 mM in 

DMSO, to which was added an equivalent molar of DIPEA, HOBt, and 3 equivalent 

molars of EDC⋅HCl. The mixtures were kept at 20°C and stirred. After 48 hours, 

they were dialyzed in ultra-pure water to obtain aqueous solutions of polypeptides.  

 

2.3. Characterization of polypeptides 

Molecular weights of the polypeptides were determined using gel 

permeation chromatography (GPC). The GPC analysis was carried out on an ÄKTA 

purifier system (Amersham Bioscience Corp., NJ, USA) using the following 
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experimental parameters: column = Superdex 200 HR 10/30, elution buffer = 10 

mM phosphate buffer containing 15 mM NaCl (PBS, pH = 7.4), flow rate = 0.5 

mL/min, and detection wavelength = 215 nm. The peak molecular weight was 

calculated from a globular protein standard curve obtained using an Amersham 

Biosciences gel filtration calibration kit. Since the polypeptides containing valine, 

leucine, phenylalanine were poorly soluble in the elution buffer, measurements of 

GPC in HFIP were also performed. The measurements were performed at Tosoh 

Analysis and Research Center (Japan) and the molecular weights were calculated 

from a standard curve obtained using polymethylmethacrylate (PMMA). 

Secondary structures of polypeptides were determined using CD 

spectroscopy. The aqueous solutions containing the polypeptides were frozen at 

-30°C and freeze-dried using a freeze dryer (FRD-82M, IWAKI (ASAHI Techno 

Glass), Tokyo, Japan). The resultant powders of polypeptides were dissolved at the 

concentration of 0.6 mg/mL in HFIP, and an equal volume of ultra-pure water or 

HFIP was added to obtain 0.3 mg/mL of polypeptide solutions in H2O/HFIP= 1/1 or 

in HFIP. For poly(AE)3AG, 5 mg/mL of solution in HFIP was also prepared and 

kept for 1 hour under ambient condition. The solution was diluted with HFIP to 

obtain 0.3 mg/mL of poly(AE)3AG solution in HFIP. Spectra were acquired at 25°C 

in a 1 mm cuvette. Secondary structures of polypeptides in forms of films were 

determined using CD and Fourier transform infrared (FT-IR) spectroscopy. For CD 

measurements, the solutions of polypeptides in HFIP/H2O=1/1 or in HFIP were cast 

onto silica glass plates and dried under ambient conditions at 40°C. Spectra were 

acquired at 25°C. For FT-IR measurements, the polypeptide solutions obtained by 

dialysis after polymerization were cast onto a polyethylene film and then dried 

under ambient conditions at 40°C. Spectra were acquired using an FT-IR 
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spectrometer (Spectrum one, Elmer Ltd., UK). 

Contact angle measurements were performed for polypeptide films formed 

on a polystylene Petri dish. The contact angles were obtained by water droplets 

under ambient conditions using a standard contact angle apparatus (G-1 Contact 

Anglemeter, ERMA Inc., Japan).  

 

2.4. Soaking in 1.5SBF 

Polypeptide films were prepared by casting the solution on a Petri dish to 

form a polypeptide film on the bottom of the dish. The cast films were exposed to 

15 mL of 1.5SBF (Na+ 213.0, K+ 7.5, Mg2+ 2.3, Ca2+ 3.8, Cl- 221.7, HCO3
- 6.3, 

HPO4
2- 1.5 and SO4

2- 0.8 mM). The solution was buffered at pH = 7.25 using 75 

mol/m3 of tris-hydroxymethyl-aminomethane and appropriate amounts of 

hydrochloric acid, according to the method reported by Kokubo et al. [2]. After 

keeping at 36.5°C for various periods, the surface of the film was characterized 

using an electron scanning microscope (FE-SEM: S-4800 Hitachi Ltd., Japan) and a 

thin-film X-ray diffractometer (TF-XRD; RINT2200V/PC-LR, Rigaku Co., Japan). 

 

3. Results 

Figure 3.2 shows the CD spectra of the peptides. The spectrum of (AE)3AG 

in H2O, showed a negative cotton band at 198 nm assigned to a random coil 

structure [5-8]. The spectra of the peptides other than (AE)3AG were measured in 

H2O containing HFIP because the peptides other than (AE)3AG were not soluble in 

H2O. For (VE)3VG and (FE)3FG, a positive cotton band at 197 nm and a negative 

cotton band at 217 nm assigned to a β sheet were detected. The peptides containing 

leucine residues, (LE)3LG and (LQ)3LG, showed a negative cotton band at 200 nm 
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and a negative shoulder at 220 nm were detected. These spectra indicate that 

peptides containing leucine residues form α helix containing some amount of 

random coil structure. For (FQ)3FG, the spectrum could not be measured even in 

H2O containing HFIP. The CD spectra of the peptides other than (AE)3AG were also 

measured in HFIP. For all the peptides other than (AE)3AG, a negative cotton band 

at 198 nm assigned to random coil structure was detected. It was obvious that HFIP 

had prevented these peptides from forming specific secondary structures such as α 

helix and β sheet. The dominant secondary structures of peptides estimated from the 

results of CD measurement are summarized in Table 3.3.  
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Table 3.4 shows the molecular weights of polypeptides. Poly(AE)3AG and 

poly(FE)3FG showed the highest frequency in the molecular weights of polypeptides 

appeared at approximately 25 kDa and 190 kDa, respectively, and poly(VE)3VG 

contained more than 669 kDa of polypeptide in PBS. These results were, however, 

detected some of polypeptides that can be dissolved in PBS. In the measurement for 

poly(LE)3LG, poly(LQ)3LG and poly(FQ)3FG, no peak assigned to polypeptides 

was detected. In HFIP, poly(VE)3VG showed 18000 of the molecular weight and 

poly(LE)3LG, poly(LQ)3LG, poly(FE)3FG and poly(FQ)3FG showed the molecular 

weights in the range of 6000 to 12000. Since the molecular weights in PBS were 

calculated from a standard curve obtained using globular proteins, they were higher 

than the values in HFIP that were calculated using PMMA. The higher molecular 
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weights in PBS must be also caused by the aggregation of polypeptide in PBS. 

Figure 3.3 shows the CD spectra of polypeptides. The structures of 

polypeptides determined from these spectra are summarized in Table 3.5. A 

tendency similar to the structures of peptides was observed. These results indicate 

that the formation of β sheet structure is favored by poly(VE)3VG, poly(FE)3FG and 

poly(FQ)3FG.  

For poly(AE)3AG, spectra were also measured for the solutions in HFIP at 

different concentrations in order to investigate the effect of the concentration of 

polypeptide on the secondary structures. In the spectrum of poly(AE)3AG in HFIP at 

higher concentration, β sheet was detected due to assignment with a positive cotton 
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band at 197 nm and a negative cotton band at 217 nm, although random coil was 

detected at lower concentration. These results indicate that poly(AE)3AG formed 

mainly random coil whereas it can form β sheet structure at higher concentrations 

such as 5 mg/mL even in HFIP. 

As the secondary structures of polypeptides shown above are the structures in 

solution, their structures in the polypeptide films were investigated using FT-IR and 

CD spectroscopy. Figure 3.4 shows the FT-IR spectra of the polypeptide films. The 

two absorption bands located at 1626 and 1550 cm–1 were assigned to the amide I 

(υC=O) and amide II (δN–H) stretches, respectively. The strong peak at 1626 cm–1 

in amide I band was attributed to the β sheet structure [9]. This result implies that 

polypeptides form β sheet structures in the films. 
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Figure 3.5 shows the CD spectra of polypeptide films. All polypeptide films 

contained mainly β sheet structure characterized by a positive cotton band around 

197 nm and a negative cotton band around 217 nm. It should be noted that the 

intensity of positive cotton bands in the spectra for poly(VE)3VG, poly(FE)3FG and 

poly(FQ)3FG was higher than that for the other polypeptides. It suggestes that the 

content of β sheet in films of poly(VE)3VG, poly(FE)3FG and poly(FQ)3FG was 

higher than that in the other polypeptide films. 
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The polypeptide films were soaked in 1.5SBF for 7 days to evaluate the 

abilities to form hydroxyapatite on their surface. The evaluation results are 

summarized in Table 3.7. After soaking in 1.5SBF for 7 days, hydroxyapatite 

formation was not observed on poly(AE)3AG and poly(VE)3VG films because the 

films were dissolved during the exposure to 1.5SBF. The other polypeptide films 

remained even after soaking for 7 days. Hydroxyapatite formation was observed on 

poly(LE)3LG and poly(FE)3FG film surfaces whereas not on poly(LQ)3LG and 

poly(FQ)3FG. These 4 kinds of polypeptide films were, therefore, soaked in 1.5SBF 

for various periods and characterized using SEM and thin-film XRD. 

Figure 3.6 shows SEM images of poly(LE)3LG, poly(LQ)3LG, poly(FE)3FG 

and poly(FQ)3FG films before and after soaking in 1.5SBF for various periods.  
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Depositions consisting of fine particles were observed on the surfaces of 

poly(LE)3LG and poly(FE)3FG films after soaking in 1.5SBF for the periods more 

than 2 days. This morphology is similar to that of hydroxyapatite crystals observed 

on bioactive glasses soaked in SBF [10,11]. On the surfaces of poly(LQ)3LG and 

poly(FQ)3FG films, no changes were observed. 

Figure 3.7 shows XRD patterns of the surfaces of poly(LE)3LG and 

poly(FE)3FG films before and after soaking in 1.5SBF for various periods. Broad 

peaks that could be assigned to hydroxyapatite were detected around 2θ = 26 and 

32° for the samples after soaking in 1.5SBF for the periods of more than 2 days. 

Additionally, the intensity of peaks assigned to hydroxyapatite for poly(FE)3FG 

films after soaking in 1.5SBF was larger than that for poly(LE)3LG films though the 

difference was quite small. These results suggest that the thickness of the 

hydroxyapatite layer on poly(FE)3FG film was larger than that on poly(LE)3LG film. 

Contents of secondary structures in the polypeptide films were calculated 

using the secondary structure analysis software equipped with the CD spectrometer. 

As Figure 3.8 shows, polypeptides with leucine residues contained about 60% of β 

sheet and polypeptides with phenylalanine residues contained about 75% of β sheet. 

The higher content of β sheet in poly(FE)3FG film may result in hydroxyapatite 

formation on poly(FE)3FG film more than poly(LE)3LG film. 
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Figure 3.9 shows the contact angles of water on poly(LE)3LG, poly(LQ)3LG, 

poly(FE)3FG and poly(FQ)3FG films. The contact angles on poly(LE)3LG, 

poly(LQ)3LG and poly(FQ)3FG films were 20.5, 40.7 and 37.6 degree respectively. 

The contact angle on the poly(FE)3FG film was not measurable because the film 

came off immediately after exposure to water. 

 

 

 

4. Discussion 

To obtain peptides with a β sheet structure, 6 kinds of peptides with 

alternating polar/nonpolar amino acid residues were synthesized. Only two peptides 

of (VE)3VG and (FE)3FG contained predominantly β sheet structure while the other 

peptides contained a random coil and/or a α helix structures under an environment 
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existing water. These results relate to the preferences of amino acids for α helix and 

β sheet shown on Table 3.1. The existence of random coil structure in (AE)3AG, 

(LE)3LG and (LQ)3LG might be attributed to the instability of α helix because the 

peptides composed of only 8 amino acid residues. They might be also attributed to 

the mismatching of the sequence to the α helical repeat. The alternating sequence of 

the peptide matches the structural repeat of β strand with successive side chains 

pointing up-down while the sequence that a nonpolar residue is contained every 

three or four residues matches the α helical repeat [3]. Therefore, the sequences of 

peptides of (AE)3AG, (LE)3LG and (LQ)3LG are suitable for formation of β sheet 

rather than α helix.  

The dominant structures of all peptides in HFIP were random coil. The 

increase of HFIP resulted in an inhibition of hydrogen-bonding formation that 

stabilizes α helix and β sheet structures. The peptides, (VE)3VG and (FE)3FG, have 

β sheet structure even under the condition with HFIP. This indicates that (VE)3VG 

and (FE)3FG exceedingly favor to form β sheet structure. The same tendency was 

observed in structures of polypeptides. 

The results of FT-IR and CD measurements for polypeptide films indicate 

that polypeptides in all films predominantly contained β sheet. The structures of 

polypeptides containing valine and phenylalanine in solutions remained even after 

film formation, while the structures of polypeptides containing alanine and leucine 

was changed from random coil or α helix to β sheet. These phenomena can be 

explained by both the preferences on amino acids for α helix and β sheet and the 

alternate sequence that favors the formation of β sheet. The polypeptides containing 

alanine and leucine can form α helix because they do not have bulky side chains. 

These polypeptides, therefore, form α helix and/or random coil that are stabilized by 
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mainly intramolecular hydrogen bonds, in the dilute solutions, rather than β sheet 

that are stabilized by mainly intermolecular hydrogen bond. These polypeptides may, 

however, form β sheet in concentrated solutions because of their alternate sequences. 

In the process of film formation, the polypeptide solution was concentrated and 

probably resulted in the formation of β sheet in the film. The results of CD 

spectroscopy of poly(AE)3AG in HFIP at different concentrations of 0.3 or 5 mg/mL 

support this hypothesis to form β sheet in the process of film formation. 

 From the results of SEM and XRD analysis of polypeptide films containing 

either phenylalanine or leucine and both before and after soaking in 1.5SBF, it is 

obvious that poly(LE)3LG and poly(FE)3FG have an ability to induce hydroxyapatite 

nucleation in 1.5SBF. In addition, the nucleation ability of poly(FE)3FG was higher 

than that of poly(LE)3LG owing to the higher content of β sheet structure. This 

demonstrates that polypeptide dominant with β sheet provide effective surfaces for 

hydroxyapatite nucleation. 

The peptides with alternating polar/nonpolar amino acid residues allow β 

strands to have a successive arrangement of side chains pointing above and below 

the peptide chains, and the β strands aggregate to form β sheet structure. Two 

different structures of β sheet can be built up. The first structure is nonpolar side 

chains equally distributed on both sides of the sheet: nonpolar side chains are 

directed towards one side, those of the other chain towards the other. The second 

structure is that all nonpolar side chains point to the same side of the sheet.  

Brack et al. [12] investigated the conformation of poly(Val-Lys). They 

showed that the alternating polypeptide formed the second type of β sheet in which 

the positively charged amino groups arranged themselves on one side of a β sheet 

under a condition existing of salts and the hydrophobic faces in the β sheets 
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aggregate to form a bi-layer structure. Poly(LE)3LG and poly(FE)3FG synthesized in 

this study may also form β sheet structure with a surface on which the carboxyl 

groups in glutamic acid are arranged. The reasonableness of this explanation for 

such a structure was confirmed using molecular mechanical calculation. Figure 3.10 

shows computed β sheet structures of (LE)3LG and (FE)3FG that were calculated by 

InsightII program (Molecular Simulations Inc.) using Amber force field parameters. 

Both peptides can form the β sheet structure that has polar and nonpolar face, 

though carboxyl groups contained in the peptides showed a tendency to repel each 

other electrostatically. 
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The results of contact angle measurement demonstrated that the surface of 

polypeptide films was rich in carboxyl groups. The arranged carboxyl groups due to 

β sheet formation may partly exist on polypeptide films. 

The results suggest that ordered and concentrated carboxyl groups are 

important for effective nucleation of hydroxyapatite. A hydroxyapatite nucleation is 

initiated by incorporation of Ca2+ ion into carboxyl groups [13]. The ordered and 

concentrated carboxyl groups allow Ca2+ ions to bind effectively to the carboxyl 

groups. Figure 3.11 shows the diagrams of Ca2+ ion bindings to the carboxyl groups. 

One Ca2+ ion incorporates with two carboxyl groups cooperatively in one case, and 

one Ca2+ ion incorporates with one carboxyl group in another case. In both cases, the 

existence of carboxyl groups in appropriate distance and high flexibility in 

arrangement of carboxyl groups are essential for effective incorporation of Ca2+ ion.  
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The ordered and concentrated carboxyl groups may also be templates for 

hydroxyapatite nucleation. Figure 3.12 shows the crystal structure of hydroxyapatite  

reported by Young et al. [14]. Comparison of the periodicity of Ca2+ ions in 

hydrpxyapatite with the periodicity of carboxyl groups in polypeptides shows that 

there was a good matching along the c axis of hydroxyapatite, as shown in Figure 

3.13. 

A similar phenomenon on mineralization in shell nacre was also reported 

[15]. Shell nacre is composed of calcium carbonate and organic matrices, repeated 

domains of aspartic acid and neutral amino acid have β sheet. The resulting 

arrangement of aspartic acid enables Ca2+ ion to bind to carboxyl group, and there is 

a geometric matching between the periodicity of Ca2+ ions in calcium carbonate and 

the matrix periodicity. Considering these points of view, the ordered carboxyl 

groups play an important role in nucleation of calcium carbonate and it is essential 

even in nucleation of hydroxyapatite. 
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5. Conclusion 

The polypeptide films that contains a β sheet structure, poly(LE)3LG and 

poly(FE)3FG, can effectively induce hydroxyapatite deposition on its surface in a 

solution mimicking body environment. The induction of hydroxyapatite nucleation 

can be attributed to the concentrated and ordered carboxyl groups on the surface of 

the polypeptide films. 
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General Summary 
 

 

This thesis has described an investigation into hydroxyapatite formation on a 

polypeptide under a condition mimicking body environment. As a polypeptide, silk 

proteins were primary focused on to examine their ability to induce heterogeneous 

nucleation of hydroxyapatite because of their composition of amino acids and 

secondary structure. Hydroxyapatite formation on silk proteins was investigated in a 

solution mimicking body fluid. Furthermore, some polypeptides were designed on 

the basis of the results obtained from hydroxyapatite formation on the silk proteins. 

Hydroxyapatite formation on synthetic polypeptides was also investigated in a 

solution mimicking body fluid. The content of each chapter is summarized as 

follows. 

In Chapter 1, two types of fabric made from raw silk fiber and degummed 

silk fiber were examined. These fibers have different proteins on their surfaces: the 

raw silk fiber contains sericin, whereas the degummed silk fiber contains fibroin. 

Deposition of hydroxyapatite particles was observed on the fabric made from raw 

silk after soaking in 1.5SBF, but not on normal silk. This suggests that the surface 

consisting of sericin produces effective sites for hydroxyapatite formation in a 

biomimicking solution, such as 1.5SBF. This was confirmed by examining the 

hydroxyapatite-forming ability of sericin film under the same conditions. Sericin 
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contains a high concentration of acidic amino acids such as glutamic acid and 

aspartic acid. They provide a surface rich in carboxyl groups, which induced 

heterogeneous nucleation of hydroxyapatite. Hydroxyapatite formation on fabric 

made from raw silk was significantly accelerated by prior treatment with CaCl2 

solution of concentration 1 M (=kmol⋅m-3) or more. 

In Chapter 2, sericin films with different structures were prepared and 

hydroxyapatite formation on their surfaces in 1.5SBF was investigated. Only the 

sericin film with a high content of β sheets showed hydroxyapatite-forming ability 

in 1.5SBF. This result demonstrated that hydroxyapatite nucleation on sericin was 

governed by the arrangement as well as the existence of carboxyl groups. 

In Chapter 3, β sheet-forming polypeptides containing carboxyl groups were 

designed according to the findings in Chapter 2. Four kinds of polypeptide films 

containing β sheet structures were successfully synthesized. Both poly(LE)3LG and 

poly(FE)3FG deposited hydroxyapatite on their surfaces in 1.5SBF within 2 days. In 

these polypeptides, all carboxyl groups in glutamic acids are speculated to point 

above the β sheet. Concentrated and/or ordered carboxyl groups on polypeptide film 

surfaces may provide effective sites for heterogeneous nucleation of hydroxyapatite 

in 1.5SBF. 

Table 1 summarizes the results obtained in Chapters 2 and 3. Comparing the 

content of carboxyl groups between sericin and the synthetic polypeptide, the 

synthetic polypeptide contains approximately twice as many carboxyl groups as 

sericin. Nevertheless, the ability of the synthetic polypeptide to form hydroxyapatite 

was much higher than that of sericin: the whole surface of synthetic polypeptide 

film was covered with hydroxyapatite layer after soaking in 1.5SBF for 2 day 

whereas sericin film was not covered completely even after soaking for 7 days. Only  
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two or three carboxyl groups can exist close together on the sericin film surface 

because of the amino acid sequence of sericin. In contrast, more carboxyl groups 

can exist orderly on the surface of the synthetic polypeptide film than on the sericin 

film surface. A highly ordered arrangement of carboxyl groups on the surface of the 

synthetic polypeptide film produces a considerable improvement in the ability to 

form hydroxyapatite in 1.5SBF. 

These results gave us an idea to design an organic polymer to prepare 

hydroxyapatite-organic polymer hybrids. Namely, the carboxyl groups arranged by 

β sheet structure effectively induce the heterogeneous nucleation of hydroxyapatite. 

The arrangement of carboxyl groups with dimensions larger than the critical nucleus 

of hydroxyapatite may also enable the nucleus to grow easily to form a 

hydroxyapatite layer. 
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The hydroxyapatite layer formed in a biomimicking solution, such as 

1.5SBF, is composed of carbonate-containing hydroxyapatite with low crystallinity, 

which has similar characteristics to the hydroxyapatite in natural bone. Such 

carbonate-containing hydroxyapatite, so-called bone-like apatite, shows a high 

biological affinity when implanted into bone defects and can achieve tight bonding 

to living bone. Hydroxyapatite-organic polymer hybrids fabricated through the 

present method is, therefore, expected to show direct bonding to living bone, and 

such hybrid materials can be useful for the application of, not only bone substitutes, 

but also of scaffolds for tissue engineering. 

In the preparation of hydroxyapatite-organic polymer hybrids, it is key 

engineering to find an organic polymer that can effectively induce heterogeneous 

nucleation of hydroxyapatite in a biomimicking solution. This thesis demonstrates 

the importance of the arrangement of the functional groups as well as the existence 

of the functional groups that induce heterogeneous nucleation of hydroxyapatite. 

This finding provides us with a guideline to design a novel organic polymer for 

preparing hydroxyapatite-organic polymer hybrids. 
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