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Abstract
Titanium alloys is well known to be widely used as the implant materials in the medical, orthope-

dic surgery and dental fields. Because of its high specific mechanical strength, corrosive resistance

and superior biocompatibility comparing to other metallic implant materials. To improve the bio-

compatibility of titanium alloys, hydroxyapaptite (HAp) is introduced as a coating. HAp coating is

ceramic material that has advantage in osteo-conductivity. It improves cell adhesion strength and

increases cell proliferation. However, bacterial cell also easily adhere on the surface of HAp coat-

ing. After long period of used, there are reports that the patients suffered from the infection problem

and revision of surgery is required sequentially. The infection problem is serious issues that caus-

ing the sickness and pain in patients. To suppress bacterial infection problem, I study aims at to

develop the fluorescent complex of composited photocatalyst gray titania/HAp coating with amino

acid. Firstly, I investigated the fabrication of fluorescent complex HAp–amino acid coating based

on the mechanical compressive force affected mechanochemical behavior of cold isostatic pressing

(CIP) effected on the orientation of ligands. This part of study is focusing on revealing the effects of

pressures during CIP process on microstructure of HAp fluorescent complexes and its optical prop-

erty. It has been reported in previous study from our research group that microstructural dependent

property of fluorescent complex improves antibacterial property of photocatalyst coating. However,

behind the mechanism of changing in fluorescent property of highly-compressed HAp complex has

not been investigated and clarified. The results demonstrated that CIP process successfully fabricated

the HAp–amino acid fluorescent complexes. Their fluorescent properties are dependent on pressuriza-

tion. The higher pressurization, the stronger fluorescent intensity was observed by optical fluorescent
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microscope. It is found that the higher pressure also make saturated thickness of complexes and in-

creased the concentration of amino acid proportionally. It is suggested that the packed structure of

ligands in fluorescent complexes of HAp–amino acid are formed. To observe the packed orientation,

polarized raman spectroscopy measurement was conducted. The results demonstrated that normally

arraigned ligands to HAp layer in highly pressurized condition can provide packed ligand structure

of HAp–amino acid complex. Highly packed ligands structure of HAp–amino acid complexes emit

stronger fluorescence. Our results demonstrated that newly found pressure dependency in optical

property of fluorescent HAp–amino acid complex is beneficial to develop biocompatible fluorescent

materials or enhancement of antibacterial layers. Secondly, mechanism of enhancement of antibacte-

rial properties of composited gray titania and plasma - sprayed HAp–amino acid fluorescent complex

under visible light irradiation was investigated and discussed. Recently, antibacterial coating with vis-

ible light sensitive photocatalyst has been widely studied for dental application. Based on the idea of

bioinspired by deep sea fluorescent coral reefs, the HAp– amino acid fluorescent complexes are com-

bined with visible light sensitive photocatalyst as the bacterial catcher as well as light concentrator.

According to CIP fabrication, HAp–amino acid fluorescent complexes were successfully fabricated

by three types of amino acid ligand; Phenylalanine (Phe), Tryptophan (Trp) and Tyrosine (Tyr) re-

spectively. Biocompatible test was conducted by cytotoxicity assay of murine osteoblast like cells.

The results showed that the fluorescent complexes of HAp–amino acid ligands are identical similar to

HAp coating itself. The bacterial testing was conducted against to the Escherichia coli (E.coli). An-

tibacterial assays revealed that three type of HAp–amino acid fluorescent complexes and irradiation

with three type of light emitting diodes; blue, green and red respectively are significantly decreasing
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number of colony forming units (CFU). The mechanism of phenomenon results were explained by

Kelvin force microscopy (KFM) that measured surface potential simultaneous visible light irradia-

tion. Comparing of surface potential between HAp and HAp–amino acid fluorescent complexes, it

revealed that HAp–amino acid fluorescent complexes preserved the surface potential even after the

visible light irradiation. On the other hand, surface potential of HAp coating was significantly de-

creased by light irradiation. The preservative effect on the HAp–amino acid fluorescent complexes

maintained the bacterial adhesion as same as HAp performance. The consequence is antibacterial

action of gray titania becomes superior. Finally, our achievement demonstrated that the antibacterial

performance is enhanced by the sensitive-photocatalyst fluorescent complexes of HAp–amino acid.

The fabrication of fluorescent complexes HAp–amino acid is successfully made by CIP process. The

antibacterial property is enhanced during visiblelight irradiation on the the sensitive photocatalyst

fluorescent complexes of HAp–amino acid becuase of its potential surface behaves similar to HAp

itself during the irradiation. Cell seeding and proliferation were not interrupted and it is compatible

for using as dental implants.
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Chapter 1 Introduction

Abstract

In this chapter, I provide a brief overview of the typical biomaterials used in orthopedic and den-

tal implants for clinical application, and highlight the current challenges that need to be overcome.

Infection and loss of cell adherence on the surface are among the main problems of current dental

implants. In particular, bacterial infections cause can severe illness in patients, therefore requiring re-

vision surgery. To overcome these problems, it is important to consider both biochemistry phenomena

as well as underlying mechanics, requiring an interdisciplinary approach.

In this introductory chapter, I propose a new perspective to explain the relationship between the

mechanics of a material and the biomechanical behavior of cells, with the ultimate goal of enhancing

cell adhesion behavior while conferring the material with an effective antibacterial property. In par-

ticular, I suggest a new method of biomaterial preparation using a sensitive photocatalyst with light

irradiation to achieve antibacterial enhancement, which is discussed in light of an extensive review

of the literature on antibacterial properties of biomaterials. Finally, the objective of this study will be

proposed.
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1.1 Background

Recently, there has been extensive progress made in understanding the biomechanics of materials,

which has led to the development and application of new biomaterials for applications in surgery,

such as artificial cardiac tubes for heart disease, artificial hip joints, and dental implants. However, to

improve and ensure the quality of life of patients receiving these materials, it is necessary to deeply

consider issues of safety and to develop materials that will incur the least amount of economic bur-

den to the medical industry. Several researchers are now focusing on developing and exploiting new

technologies to address these issues. Because thousands of surgeries are required to revise or repair

tissues that have failed or become damaged owing to disease or trauma, the majority of this research

has aimed toward effectively regenerating the damaged tissues using biomaterials that are integrated

with living cells, such as metallic or ceramic-based materials, which have been widely applied in the

fields of tissue, medical, biomaterial, and mechanical engineering. Specifically, biomaterial engineer-

ing is a relatively new field of study for tissue regeneration or replacement. When incorporating a

new material into a new immune system or directly in the human body, it is essential to consider the

safety of the material and procedure, including anatomical limitations or the risk of infection.

There are many factors to consider according to the intrinsic limitations of biological systems. First,

with regard to in vitro culture prior to cell implantation, it is important to consider the effects of the

cell culture conditions on the new host environment. For example, the behavior and seeding ability

of cells on the surface of an implant material largely depends on the bioreactor device used, and the

different types of mechanical and chemical reactions occurring therein.[1] Cells prepared for implan-

tation require expansion, which requires a suitable environment for increasing cell density to promote

2
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cell growth. However, it is also important to consider the cell distribution along the surface of bioma-

terial. In this regard, the mechanics of the material play an important role so as to support the surface

property of the biomaterial such as the wettability or surface energy that will best promote cell ad-

hesion. Another important consideration of an implanted biomaterial is the possibility of infection.

Therefore, conferring materials with antibacterial properties has been a major focus of research in

biomaterial engineering, which can also help to promote cell adhesion to the surface.

Thus, the aim of the present work was to develop a titanium-based dental implant biomaterial with

enhanced antibacterial property.

Fig. 1.1 shows a scheme of the main factors considered for realizing antibacterial enhancement of

a biomaterial, including consideration of mechanical and photocatalyst properties for triggering.

1.2 Biocompatibility of a biomaterial

Regardless of whether a tissue has failed because of trauma or another cause, one of the first and

most important considerations in the development and design of a suitable biomaterial for medical

application is to understand the type of material that can be replaced and to ensure that the material

conforms with safety regulations for use in the human body . Overall, the material must be compatible

for cells to adhere to the surface and proliferate normally to carry out their required function. After an

implant surgery, it is also important to prevent inflammation as much as possible during the healing

response to avoid rejection of the material from the body. [2] Currently, metallic-based materials are

considered to be the most attractive materials for biomedical applications, particularly for implant

3
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Fig. 1.1 Antibacterial enhancement of cell adhesion from a bioreactor combined with interfacial strength
of a cell on a biomaterial with mechanical and photocatalyst properties.

surgery. In particular, titanium alloys are widely used for artificial hip joints and dental implants,

which show superior performance with respect to non- sensitive chemical reactions, high mechanical

strength, and biocompatibility.

Although the titanium alloys Ti–6Al–4V are the most popular types used in implant materials and

for medical orthopedic surgery, these alloys could also induce toxicity compared to more non-toxic el-

ements such as β type alloys. The greater biocompatibility of Ti–6Al–4V titanium allows is attributed

to the lower moduli compared to other type of alloys, such as α + β alloys [3]. Moreover, the Ti–6Al–

4V titanium alloys show higher strength and toughness than α + β type alloys. It is also necessary to

4
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consider the actual mechanical loading that could damage the implants during service in the human

body. Fig. 1.2 demonstrates cyclic loading through simulating of a walking load and the resulting

damage that may occur while using titanium alloys with a biocompatible hydroxyapatite coating. Ni-

inomi et al. [3] investigated the mechanical properties of three types of biomedical titanium alloys to

improve the mechanical strength of biomedical materials: commercial pure titanium, Ti–6Al–4V, and

Ti–6Al–4V elite. In particular, they focused on the effect of changing the microstructure of the mate-

rial, and its characteristics on treating a fracture, which is a common and serious clinical challenge.

Tensile and fatigue testing were conducted to determine the fracture behavior, i.e., fracture tough-

ness, and fatigue characteristic, respectively, according to the mechanical properties conferred by the

different microstructures of the various biomaterials derived from the three titanium alloys. Overall,

they found that the moduli of elasticity of the low-modulus β type of titanium alloys degraded after

exposure to simulated body fluid while simultaneously applying mechanical fatigue loading. By con-

trast, the Ti–6Al–4V α + β alloy types significantly retained their toughness after being implanted in

vivo. Therefore, mechanical properties of the biomaterial must be considered for improving the cell

adhesive strength.

Several researchers have addressed the challenge of increasing cell proliferation to realize stronger

bonding between the cell and host biomaterial for enhancing bone growth in the last few decades.

One of the methods proposed involves the use of a plasma-sprayed hydroxyapatite (HAp) coating

on a metallic substrate such as Ti–6Al–4V alloys, which has garnered substantial controversy in the

field. The HAp coating was introduced to ensure the bonding between bone and titanium alloys im-

plants as a biocompatible coating, which also has excellent osteoconductivity. Limin et al. (2001)

5
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Fig. 1.2 Mechanical loading and its damage to an artificial hip joint implants

6
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[4] and Palm et al. (2002) [5] both investigated the performance of plasma-sprayed HAp coating for

practical application to the femoral bone. The results demonstrated that the HAp coating significantly

promoted cell growth after implantation and the fixation lasted longer than that not cemented by the

HAp coating. Reikeras et al. [6] evaluated the long-term use (1988 to 1993) of a HAp coating as

a cement for clinical femoral bone implants, and they found that the HAp coating was successfully

deposited on the acetabular component in the patients. Moreover, there was no infection observed

in any patient, although wear and osteolysis was clearly observed to prove the bonding of bone to

the titanium alloys implant. The authors concluded that the HAp coating provides a suitable fixation

material to promote the interaction of bone with the biomaterial, and further helps to resist the me-

chanical loading, thereby consequently preventing damage from wear.

Moreover, Robert B. Heimann’s [7] demonstrated the enhancement of the growth of bone cells us-

ing the osteoconductive HAp coating that was deposited onto metallic artificial hip joint and knee joint

replacements. The HAp coating process was developed and discussed based on a high-temperature

plasma jet, which causes the degradation of hydroxylation and decomposition of the initial deposited

substance. The influence of the chemical formation and mechanical characteristic of porous cal-

cium phosphate on cell activity in vitro and in vivo was evaluated based on the characteristic of

plasma-sprayed HAp coatings. X-ray diffraction (XRD) and vibrational spectroscopic methods such

as Fourier-transform infrared (FTIR) spectroscopy were conducted to determine the distribution of

plasma-sprayed HAp coatings, which was found to be homogeneous. Moreover, Raman spectroscopy

revealed a stretching band at wavelengths of 949, 962, and 971 cm-−1 corresponding to P–O bonds.

The crystallinity increased and the thermal decomposition decreased. In addition, residual stress at

7
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the interface between HAp and the Ti–6Al–4V substrate was induced due to thermal expansion of

the plasma sprayed. Moreover, to improve the bioconductivity of the HAp coating, it is necessary to

consider its mechanical, chemical, and biological performance Ca10(PO4)6(OH)2 on titanium alloy

implants. Mainly, they investigated adhesion to the implants surface, along with the microstructure

and crystalinity of the HAp coating to improve the osteoconductivity and biocompatibility of the

biomaterial. The HAp coating was successfully deposited via a plasma spray onto the metallic bio-

material substrate such as titanium alloys. The plasma-sprayed coating did not affect the crystalinity

of Ca10(PO4)6(OH)2 the HAp coating by changing its oseteoconductivity. Overall, these develop-

ments show the importance of consideration of the mechanical, chemical, and biological properties

of biomaterials for improving the quality of life of the aging society and orthopedic patients.

1.3 Infection derived from implant biomaterials

The long-term use of an implant biomaterial generally requires several revision surgeries and re-

placements. This is largely due to the development of a bacterial infection, resulting in serious illness

to the patient, which is a particular problem for dental implants. Since complete inhibition of biofilm

formation on bone cells and the implant surface is unavoidable, integration of an antibiotic property

to the biomaterial substrate on the surface has become indispensable for the prevention of bacterial in-

fection. Development of effective antimicrobial materials will require understanding the mechanism

of inhibition of the interaction between the host tissue and bacterial colonization, which has not yet

been studied.

In this regard, the study of failures in oral implants has garnered much interest to many researchers.

8
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In particular, the research group of Professor B.R. Charcanovic has been focusing on revealing the

failure of oral implants [8], with the ultimate goal of suppressing the bacterial infection problem in

biomaterial implants. Moreover, Gupta et al. [9] and Quirynen et al. [10] have examined the risk

factors associated with implant failures. There are many criteria used for evaluating the failure of

biomaterial implants, such as the mechanical technique of low-insertion torque that considered as

the primary loaded component, implants insertion in boneless patients, or the surgical technique of

inserting implants. These factors may relate to the failure of implants as well as to bacterial infection

colonized on the biofilm surface.

In particular, in orthopedic surgery, joint arthroplasty has been required for revisions owing to the

short-term lifespan of the implant.[11] The main reason for the revision is loosening of the joint

in implants, which may be related to bacteria forming a biofilm that would interfere between the

bone tissue and biomaterial implant at the joint. Bauer et al. [11] examined the loosening failure

behavior of a biomaterial implant from a mechanical point of view by examining the mechanism

of the failures in arthroplasty surgery. The combination of mechanism failure and infection was

addressed based on the wear debris failure in aseptic loosening due to inflammation. Formation of

a bacterial biofilm can be considered as the additional particles that cause the linear and erosion of

bone osteolysis. Moreover, biomaterial implants are always subjected to mechanical loading that

generates a driving force of stress on the component, which is usually localized on bone density so

that an interfacial force between the bone and implants is generated. The combination of bone density

loss and interference from the bacterial biofilm has a severe influence on aseptic loosening behavior.

The authors [11] further investigated the extent of wear debris, and found that the debris particles of

9
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osteolysis appropriately enhanced the fixation of bone with the implants. Although general debris

is considered to contribute to loosening of the implants, the debris of osteolysis actually enhanced

osteoclast cell proliferation. Therefore, the fatigue failure of wear debris and the creation of a bacterial

biofilm at the interface between the bone tissue and implants should be considered in any discussion of

the failure of an infected biomaterial implant. Drake et al. [12] focused on the long-term safety of

a biomaterial implant by examining adhesion of the bacterium Streptococcus sanguinis on a titanium

implant surface. The titanium surface profile exhibited a strong degree of roughness, which was

considered to be due to the hydrophobic nature of the surface, and low wettability. Given the status

of the host tissue and colonization of the bacteria on the implant, formation of a bacterial biofilm on

the implants surface was promoted. Moreover, the titanium biomaterial implant was damaged from

bacterial colonization over long-term use.

Indeed, this challenge of bacterial infection of implants has been a long-standing task to overcome,

with a long history of research spanning over several decades, from 1966 to 2007. Dental implants

are particularly prone to bacterial infection, as they are more likely to suffer from biofilm formation.

Subramani et al. [13] proposed that the surface roughness is related to the ability for biofilm formation

and bacterial adhesion. They suggested that the surface modification of dental implants with a tita-

nium alloy substrate might prevent biofilm formation by changing the properties of the biomaterial,

such as the surface free energy and its potential surface chemistry. The main challenge is that the

attachment of a target cell must be promoted by supporting osteogenic proliferation, whereas bacteria

proliferation and biofilm formation must be simultaneously prevented.

Bruellhoff et al. [14] proposed one of the first strategies to suppress bacterial infection of dental im-

10
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plants through preventing biofilm formation through surface modification to enhance the antibacterial

property of the material.

This specific configuration allowed cells to adhere or not depending on the interaction of peptide-

binding molecules. The antibacterial effect of a selective adhesion base on peptides and adhesive

ligands was further emphasized by Fiedler et al. [15], who used multipotent mesenchymal stromal

cells (MSCs) such as bone marrow-derived MSCs to enhance cell proliferation and osteogeneration.

At 30 days after seeding the cells on the implants, the cell adhesion behavior showed normal spreading

on the implants. Moreover, RT-PCR analysis and a viability test with the MTT assay were performed

to identify and quantify the osteoblastic cells. The MSCs and SaOS-2 cells showed different adhe-

sion responses to the protein peptide, which demonstrated that cell proliferation could be improved

with an adhesion peptide via specific protein absorption on the surface. Besides dental implants,

bacterial infection remains a serious clinical challenge in orthopedic surgery such as the use of knee

hip joint or periprosthetic joint implants. Hansen et al. [16] comprehensively studied infection in

periprosthetic joints, and proposed a treatment aiming to suppress such infection by focusing on the

molecular mechanisms of the cell reaction. Specifically, by applying advanced diagnostics and the

development of new molecular techniques, they successfully achieved modified biomaterial implants

with anti-biofilm and antimicrobial properties.

However, these techniques are still not suitable to completely suppress the bacterial infection effi-

ciently. To achieve this goal, it is essential to continue to study the mechanisms of bacterial infection

and proliferation of bone cell tissues from the persepctive of the biological and mechanical processes

of cell adhesion.

11
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1.4 Antibacterial modification of biomaterial implants

1.4.1 Antibiotic effects and sustainability

To effectively suppress the bacterial infection that causes severe problems such as the mechanical

failure and degradation of biomaterials used in orthopedic surgery, especially dental implants, many

researchers have proposed new methods for surface modification of the biomaterial substrate with

titanium alloys. The use of chemical elements such as silver ion-doping on the surface of titanium

alloys has been broadly demonstrated to be the most effective method for enhancing the antibacterial

property of a biomaterial. Recently, the nanotube surface of titanium alloys has attracted attention

as another strategy to suppress bacterial infection by focusing on the cell adhesion mechanism. As

discussed in the section above, bacterial infections often occur rapidly after application of a dental

implant. Chen et al. [17] proposed that a modified surface with silver doping of a HAp coating would

confer an antibacterial property and cytotoxic effect to a biomaterial. They evaluated these effects in

vitro against two type of bacteria, S. epidermidis and S. aureus, which have different cell wall char-

acteristics. After co-sputtered Ag–HAp was deposited onto the biomaterial titanium alloy substrate,

the contact angle, surface roughness, and XRD data were obtained to evaluate the characteristics of

the coating. XRD analysis confirmed that Ag–HAp was successfully deposited on the biomaterial

titanium alloy substrate. The wettability for cell adhesion was evaluated and the contact angle of the

deposited Ag–HAp coating was significantly lower than that of the titanium alloy itself. Moreover, a

reduction of colony numbers was observed for both bacteria in the Ag–HAp-coated group. Although

the bioactivity of bone cells was not interrupted, the cytotoxicity was increased in the group treated

12
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with the Ag–HAp coating.

Similarly, Fielding et al. [18] examined the antibacterial characteristics of doping with a composite

of silver and strontium along with a plasma-sprayed HAp coating to improve the interaction between

bone cells and the implant material. The addition of strontium as a binary dopant was expected to

reduce the cytotoxicity of the coating by strongly releasing metal ions from the silver doping. Stron-

tium acts as a replacement element for Ca2+ ions in osteoblasts during calcium-mediated processes,

and further behaves as a sensing receptor for bone cell formation. Although strontium showed excel-

lent enhancement of osteoblast proliferation, its addition did not effectively suppress the cytotoxicity

induced from the silver doping. Cell proliferation and activity were observed by measurement of the

optical density, an MTT assay, and fluorescent microscope observations. Moreover, field emission-

scanning electron microscopy observation was used to examine the cell morphology and adherence

on the treated surface after 3 days of cultivation for the cell seeding process on the coated surface,

and the cumulative release of silver ions was evaluated.

Although silver ion doping provides excellent antibacterial enhancement to a biomaterial, this ef-

fect is not sufficiently sustainable for long-term application [19]. Trujillo et al. [20] attempted to

decrease the silver doping concentration to reduce the cytotoxicity, and evaluated the antibacterial

effect with a silver-doped HAp thin film sputtered on a titanium substrate with different amounts of

silver: 0.5 wt% and 1.5 wt%. Staphylococcus epidermidis and Pseudomonas aeruginosa were seeded

on the surface of the prepared implant and cell adhesive behavior was observed.

However, they did not mention whether differences in the cell wall of bacteria would influence the

resistance to the exposure of released metal ions.
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Lim et al. [21] also evaluated the effect of the concentration of silver-doped HAp for enhancing

the bioactive and antibacterial properties of a biomaterial. X-ray photoelectron spectroscopy indi-

cated that initiation of ions releasing in deionized water had a similar releasing rate. The combination

of chitosan and silver ion films was added to the HAp coating before being deposited on the Ti–

6Al–4V substrate of the biomaterial implant by thermal substrate methods. [22] XRD analysis and

scanning electron microscopy observation was conducted to characterize the modified surface, and

the amount of silver ions was evaluated by atomic absorption spectroscopy. They found that adhesion

of Escherichia coli cells significantly decreased by 14% comparing to a sample without silver ions.

However, this experiment only showed the release of silver ions over the short term. Owing to the

poor sustainability of silver-doped particles, release of the metal ion was only efficient at the initiation

stage [19, 23]. Therefore, despite the excellent antibacterial property of silver ions, its performance is

not sustainable for long-term use in implant surgery. In general, studies aiming toward antibacterial

enhancement of a biomaterial have mainly focused on strategies in which an antibiotic is applied to

detach the bacterial cell off of the implant surface. In this case, both the bacterial and bone cells are

exposed to the same antibiotic treatment, resulting in cytotoxicity in vivo rather than the desired effect

of preventing bacterial infection. The use of conventional antibiotic agents is cytotoxic to bone cells

because of its high concentration ions releasing from silver and it scarcely controllable. In sum-

mary, to reduce bacterial colonization, antiseptic surface coating has been applied to prevent biofilm

formation; however, it is also necessary to consider the effects of this coating for promoting the activ-

ity of osteoblasts. Thus, the next challenge toward improving the antibacterial property of implants

requires reconsideration of design by aiming to reduce bacterial growth while simultaneously preserv-

14
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ing the proliferation of bone cells and effectively fixing the implant to the bone tissue. Importantly,

the remaining problem to be overcome is to reduce the cytotoxcity against bone cells induced from

silver-doping the surface and prolonging its efficient stability.

1.4.2 Effect of antimicrobial enhancement of a biomaterial on bacteria and

bone cells

As highlighted above, the surface energy and cell adhesion behavior are important factors to

consider for improving the antibacterial property of an implant material and along with increasing

cell proliferation. Gottenbos et al. [24] provided evidence that cell adhesive behavior depends on

the surface charge of implants through examining the antimicrobial effects of positively and nega-

tively charged biomaterials implanting in vivo. Gram-negative bacilli were cultivated on a positively

charged biomaterial surface and the infection level was evaluated. A glass sample surface was con-

ferred with a different charge by modification of a polymethacrylate group for seeding E. coli and

P. aeruginosa, respectively. At 48 hours after seeding, 50% of the positively charged surfaces had

non-adhered E. coli, whereas the negatively charged surfaces were seeded by both bacteria.

Therefore, a biomaterial with a highly positive charge reduces the risk of infection more than a

negatively charged surface.

However, increasing the dose of the antibiotic has been shown to reduce the effectiveness of the an-

tibacterial property or degrade the drug efficiency. [25] The bacterial cell wall has a complex layer,

and the mechanism contributing to the potential energy cannot be predicted. Therefore, the antibac-

terial protein and peptide molecular structure should be targeted with consideration of both the cell
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adhesion behavior and cell surface potential energy.

Lim et al. [26] provided insight into the mechanism of the use of an antibiotic to eliminate bacteria

by silver ions (Ag+) destroying the cell wall and penetrating the bacterium to kill the bacterial cell.

The antibacterial property of Ag,Si–HAp was observed and compared to that of HAp alone after seed-

ing the bacteria on the substrate for 168 hours. They found that cell proliferation was enhanced by

Si–HAp, while Ag+ metal ions were strongly released to destroy the cell wall. Transmission electron

microscopy and plasma spectroscopy demonstrated that the crystal structure of silver ion diffusion

was distributed evenly across the Ag,Si–HAp surface. The crystal structure of the silver ion inter-

fered with S. aureus adhesion, demonstrating that leakage of the destroyed cell wall allows for silver

ions to enter the nucleus of the bacterial cell.

Harris et al. [27] also attempted to enhance the antibacterial property of a titanium oxide sur-

face by adding peptides/proteins to suppress S. aureus adhesion. The extracellular matrix (ECM)

may react undesirably on a polypeptide; for example, poly(L-lysine)-grafted poly(ethylene glycol)

(PLL–g–PEG) resulted in a notable decrease of fibroblast and osteoblast cell adhesion. This was at-

tributed to the lack of a specific peptide-integrin acceptor restored on the surface, so that the ECM

proteins were not able to be absorb, resulting in decreased activity. SEM and fluorescent microscopy

were conducted to evaluate the viability of bacterial cells that adhered on the treated surface be-

tween PLL–g– PEG and PLL–g–REG/PEG–RGD. The modified surface of PLL–g–REG/PEG–RGD

showed excellent attachment of fibroblasts and osteoblasts while also reducing S. aureus adhesion. It

was expected that a higher density of bacterial cells would be observed on rougher surfaces. How-

ever, the roughness of the sample surface did not have a significant effect on bacterial adhesion or
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viability. Although other aspects of the surface topography beyond roughness, such as the size of the

surface and surface wettability likely would also affect adhesion behavior, there are few studies on the

relationship between the enhancement of antibacterial properties and cell adhesive behavior. Zhang

et al. [28] examined the effects of the topography of a modified surface with antibiotic properties

on enhancing osteoblast proliferation and detachment of bacterial cells. They aimed to develop an

implant that could increase bone cell activity and reduce the risk of bacterial infection for materials

used in orthopedic surgery such as knee or hip implants. They applied atom transfer radical poly-

merization (ATRP) with a trichlorosilane agent, which was confined to an oxidized titanium surface,

and focused on the release of methacrylic acid sodium salt (MAAS), while silk sericin was immo-

bilized on the poly(MAA) surface. The characteristics of the modified surface were investigated by

X-ray photoelectron spectroscopy, XPS measurements, and water contact angle measurement. The

results demonstrated that oxide titanium was successfully immobilized by P(MAA) based on XPS

measurement, and the water contact angle was significantly lower than that of the titanium surface.

The P(MAA)-immobilized titanium showed clear hydrophilic properties, which enabled bacterial cell

adherence. However, the hydrophilic property may not be the only factor to consider for improving of

cell adhesion. In addition, the potential transfer between protein peptides and cell behavior should be

considered toward achieving cell adhesion enhancement. Khadali et al. [29] observed the interaction

of the cell surface between hydrogen bonds forming multi-layers with non-toxic effects to osteoblasts

from P(MAA) or P(AA). However, mammalian fibroblasts were detached because of the carboxy-

late and sulfonate groups. Zhang et al. [28] indicated that the good adhesion and proliferation of

osteoblasts from modified Ti–g–P(MAA-silk), owing to the addition of silk sericin protein, which is

17



CHAPTER 1. INTRODUCTION 18

caught by silk fibers and differentiated. Importantly, silk siricin had different effects on osteoblast and

bacterial cell adhesion. Chen et al. [30] examined the binding activity of an antimicrobial peptide to a

biomaterial surface. Atomic force microscopy indicated that the surface topography plays an impor-

tant role in controlling bacterial adhesion. The orientation of the antimicrobial peptide immobilized

on the biomaterial surface was also shown to have a great effect on the cell adhesion property. Thus,

both the interaction between the hydrogen bond of the peptide and ECM and the surface topography

are important considerations for improving cell adhesion to an implant surface.

Fig. 1.3 illustrates the changes in cell proliferation over time on implant surfaces coated with hy-

droxyapatite alone and with hydroxyapatite and an antibiotic. The hydroxyapatite surface without the

antibiotic allowed bone cells to grow gradually over time and cell adhesion increased, thereby demon-

strating enhanced biocompatibility. By contrast, the hydroxyapatite surface with antibiotic largely

suppressed cell proliferation by destroying the peptide layer and its cell wall so that the cell could

no longer reside on the surface and died once the nucleus was exposed to the antibiotic. Therefore,

although the antibacterial property was enhanced, this property could not be effectively controlled,

resulting in cytotoxicity. Overall, this review of the literature on efforts to improve the antibacterial

property of artificial bone implants or dental implants for orthopedic surgery demonstrates that the

most important parameters to consider are not only the bioreactive interactions between the peptides

of cell and the biomaterial surface but also the complex potential energy that influences cell adhesion

behavior. Moreover, from a mechanical point of view, the surface topography such as the roughness,

orientated morphology, or surface energy has important effects on cell adhesion behavior.

Therefore, it is necessary to reconsider a new strategy for reviewing the mechanism of antibacterial
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Fig. 1.3 Cell proliferation and adhesion on a HAp-coating and HAp–antibiotic-coated implant surface.

enhancement in orthopedics surgery and dental implants. Importantly, materials should be developed

that show an effective antibacterial property with both biocompatibility and sustainability.

1.4.3 Developing nanostructure implants with antibacterial properties

The previous section presented the scope of concepts for developing new biomaterials with en-

hanced antibacterial property by modifying the surface or immobilizing antibacterial agents on the

surface. Although the modified layer may be effective to reduce the number of bacteria adhering to

the implant material, the controllability and sustainability remain major limitations to the application

of this concept, which is largely due to a lack of understanding of the mechanism on the enhance-

ment of cell adhesion in relation to antibacterial agents. A passive coating is expected to prevent
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bacterial adhesion on an implanted surface by controlling the surface topography, wettability, surface

energy charge, or even crystal structure. Although surface roughness was intensively investigated in

vivo by Rimondini et al. [31] with the aim of reducing the colonization of bacterial cells, laser pro-

filometer measurments and SEM observations revealed the surface characteristics with no significant

reduction in cell colony formation. Moreover, Puckett [32] investigated the relationship between the

nanostructure of a titanium surface and bacterial adhesion behavior.

According to the bioreactive effect of protein absorption between each cell type onto protein pep-

tide agents on cell adhesion, three type of bacteria, S. aureus, S. epidermidis, and P. aeruginosa,

were chosen to immobilize on the conventional titanium rough surface and on the nanostructure sur-

face, respectively. The nanorough titanium surface formed a TiO2 crystal structure, which showed

an excellent ability at preventing bacterial attachment comparing to the amorphous nanotubular and

nanotextured titanium surface, which has a superior property of surface energy, surface roughness,

and fibronectin absorption. Based on the hydrophilic property enhanced from the smooth surface,

cell adhesion was expected to be outstanding. However, these results contradict with the theory of

wettability. They suggested that fluoride was present in the nanotubular and nanostructure, whereas

there was no sign of fluoride formation in the nanorough surface of titanium. The crystalline structure

showed differences between the anodized, nanorough, and conventional titanium surface.

Anatase and rutile of the crystalline TiO2 photocatalyst were observed, while the nanostructure and

nanotubular were amorphous of TiO2. Thus, the surface chemistry of the anodized surface plays an

important role in detachment of bacterial cells.

Podporska et al. [33] developed an anodization method of conventional titanium, and demonstrated
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the formation of crystalline TiO2 photocatalyst to enhance the antibacterial property of the biomate-

rial. XRD and Raman spectroscopy were conducted to characterize the crystalline amorphous tita-

nium nanostructure modified with a hydroxyl group, and E. coli and S. aureus were used to evaluate

the antibacterial property. The titanium nanotube surface showed a significant effect on detachment

of bacterial adhesion under UV light irradiation. A conduction band electron of e−CB, which takes the

oxygen in the atmosphere to generate superoxides known as oxygen radicals (.O−2 ), from the valence

band of h+VB was activated by UV irradiation. This photocatalyst property was a significant factor

contributing to the biological activity of TiO2. Thus, the surface hydroxyl group, physico-chemical

properties of the modified surface, and interfacial strength of the mechanical property all effectively

play important roles in control the antibacterial property of a biomaterial. However, these previous

results [[32], [33]] also revealed that the cell adhesion behavior is independent from the roughness

property of an implant surface. Moreover, the wettability or surface charged hydrophobicity and hy-

drophilicity do not appear to be important factors to consider for improving cell adhesion behavior

and realizing antibacterial enhancement. These suggestions strongly indicate that the antibacterial

property will not be derived from the surface chemistry alone but also requires activation of an agent

to effectively control the antibacterial effects, which can be achieved with a photocatalyst that is sen-

sitive to light irradiation.

21



CHAPTER 1. INTRODUCTION 22

1.5 Photocatalyst for improving the antibacterial property of an

implant biomaterial

The biological inspiration for the light-inducible effect of fluorescence came from the discovery of

mesophotic reefs in the deep seawater up to 50–60 meters of depth.[34] To survive in such environ-

ments, the photosynthesis efficiency needs to be enhanced, which requires fluorescence to be excited;

thus, synthetic fluorescent pigments have been designed to control the potential of animals kept in the

darkness. Investigation of the light-independent accumulation of fluorescent pigments identified that

a photoconversion wavelength shift from green to red light was obviously induced in the absence of

UV light. These findings indicate that fluorescence can play a role as a trigger from light irradiation

and pull out photocatalyst properties such as oxygen radicals inducing bacterial death.

Recently, fluorescent complexes of HAp coating on Ti–6Al–4V titanium alloys were proposed by

Matsuya et al. [35] to develop agents with a controllable antibacterial property induced by a pho-

tocatalyst. First, they successfully fabricated a stacked luminexcent complex of 8 hydroxyquinoline

(8Hq) molecules on a HAp coating by a cold isostatic pressing (CIP) process. Calcium ions in HAp

(Ca10(PO4)6(OH)2) and 8Hq (C9H7NO) were formed by mechanical loading and chemical reaction

simultaneously. 8Hq–HAp complex showed the greenish fluorescence while UV light irradiation was

applied. An organic material readily shifts the fluorescent wavelength by shearing force or pressur-

ization. [36] In the solid condition of particles, a mechano-chemical reaction is induced between the

impurity of molecule structure and oxide on the surface. Preliminary results obtained by fluorescent

microscope observations showed that a fluorescence red-shift from the CIP-treated HAp–8Hq com-
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plex. There was no interfering precipitation with the HAp coating itself as demonstrated by XRD

analysis. Raman spectroscopy further revealed a longer shifted wavelength with an on increase of

pressurization. The stacked aromatic ring of the benzene structure of 8Hq in the complex was deter-

mined to be the causes of the shifting in its photoluminescence.

Despite the successful fabrication of the ligands complex of 8Hq molecules with HAp through

the CIP process, immersion testing in simulated body fluid (SBF) demonstrated that the fluorescent

8Hq–HAp layer did not dissolve. In addition, four-point bending of fatigue testing was conducted

with the HAp/gray titania–8Hq complex with a rectangular dimension of 50 × 10 ×3 mm3, in order

to confirm that the mechanical loading would not degrade the fluorescent property of the sample in

practical application. The remaining fluorescence was observed by a fluorescent microscope. There-

fore, this material is expected to be biocompatible and show a sustainable antibacterial property for

the design of a dental implant. Several studies have since investigated the 8Hq–HAp fluorescent

complex for enhancing antibacterial property by applying visible light irradiation. Matsuya et al. [37]

performed antibacterial testing with a HAp/gray titania/8Hq fluorescent complex for coating with sen-

sitive visible light irradiation in vitro against to E. coli. The Ti–6Al–4V substrate was deposited by a

plasma-sprayed HAp/gray titania coating, and then CIP was performed with 8Hq fluorescent ligands

at 800 MPa. The plasma spray had a thermal effect on the Ti2O3 powder, thereby changing its phase

into TiO2 with a rutile crystalline structure, as observed by FTIR and XRD spectroscopy. The suspen-

sion of E. coli with a controlled initial density was used as the reference group and comparing with

that exposed to LED light; blue, green, and red light irradiation was applied for 1 hour, respectively.

The optical density at 600 nm was then evaluated to determine the growth rate of E. coli, and
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then the colonies were cultivated. First, a significant difference was detected between the HAp/gray

titania without complex coating and HAp/gray titnia with 8Hq complex coating. The latter group

showed a gradual decrease in bacterial growth the growing rate of E. coli is gradually decreasing in

irradiated group comparing to the non-irradiated group. A significant reduction of colony numbers

was observed in the fluorescent complex 8H8/HAp/gray titania coating group, specifically under red

light irradiation, which resulted in free radical generation.

It was concluded that the HAp–8Hq with gray titania coating could effectively prevent bacterial

adhesion from the implant surface while applying light irradiation. This suggested that antibacterial

enhancement could be achieved by increasing the LED light intensity or photosensitizing induced

by 8Hq from the photocatalyst. Consequently, the conventional abutment of titanium alloys was

successfully applied using this biomaterial fabrication method. As mentioned above, the antibacterial

property of a biomaterial should be biocompatible, reduce the risk of infection, and decrease the

chance of damaging of implants. However, the mechanism by which light irradiation enhances the

antibacterial property and bacterial attachment have not yet been clarified. The effect of light intensity

on enhancing the production of free radicals does not appear to have significance for its antibacterial

effects [37]. Therefore, further work is needed to consider the potential contributions of the thermal

effect, power intensity, and electrostatic potential on the surface for effectively controlling bacterial

cell adhesion behavior.
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Fig. 1.4 Hydroxyapatite coating on Ti–6Al–4V for use in dental implants

1.6 Motivation and purpose of present study

1.6.1 Motivation

Based on the background above, the aim of the present work was to evaluate the sensitivity of light

intensity and the biocompatibility of this specific antibacterial property of 8Hq/HAp with gray titania

coating for preparation of a new dental implant material.

The titanium alloy Ti–6Al–4V has been widely used as a biomaterial for orthopedic surgery for

decades, especially in dental implants (Fig. 1.4), and many researchers have focused on its long-term

durability and biocompatibility. Despite extensive research to overcome the problem of infection in
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dental implants, a new modified implant surface with enhanced antibacterial property is necessary.

This material must overcome the current problems highlighted in the sections above, including the

non-sustainable surface of the antibacterial agent-doped surface, uncontrollable antibacterial property

leading to cytotoxicity of bone cells, and effective cell adhesion behavior.

Despite the good antibacterial property induced by the photosensitive fluorescent complex 8Hq/HAp

via light [37], the antibacterial enhancement and metal ion release of 8Hq ligands are still limited for

effective clinical application, and showed toxicity to bone cells. Therefore, the aim of the present

work was to develop ligands for the design of a new fluorescent complex that enhances the antibacte-

rial property and is not toxic to human cells. In addition, previous studies did not examine the effects

of the light intensity of visible irradiation, such as increasing free radicals, photosynthesis activity, or

energy surface changes, on cell adhesion behavior. Importantly, the mechanism of enhancement of

the antibacterial property by light irradiation has not yet been clarified.

During the fabrication of fluorescent 8Hq/HAp complex by CIP, the applied mechanical loading on

solid particles was discussed; however, the potential of loading dependency for increasing the fluo-

rescent property has not yet been revealed. Although the CIP process can be effectively applied to a

complex shape such as the abutment of a dental implant, the fluorescent complex was distributed on

the abutment sample by UV light irradiation. [35] Moreover, the effect of mechanical loading such as

residual stress or compacted orientation of complexity was not discussed in-depth, which could play

an important role for improving the fluorescent intensity, which would in turn enhance the antibacte-

rial property. These remaining questions and unknown mechanisms served as the specific motivations

for continuing this line of investigation with the present work.
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1.6.2 Objective of the present study

The main objective of the present study was to develop a new plasma-sprayed HAp-coated con-

ventional Ti–6Al–4V biomaterial with optimized antibacterial property for use as a dental implant by

applying light irradiation with a sensitive photocatalyst. First, we aimed at improving the fabrication

methods of the fluorescent complex of HAp–amino acid ligands. We optimized the fluorescent inten-

sity by examining the pressure dependency during the CIP process, which plays an important role on

increasing the antibacterial efficiency. Second, the surface characteristics of the fluorescent complex

HAp—amino acid were determined to clarify the cell adhesion behavior while applying light irradi-

ation on the antibacterial coating on the implant surface. Finally, we aimed to develop strategies for

potential further optimization of this antibacterial application for further study.

1.6.3 Scope of the present study

This work therefore expands upon previous studies conducted in our research group as highlighted

in the sections above by focusing on the development of the antibacterial property of a fluorescent

complex of a HAp coating with aromatic organic ligands and determining its photocatalyst property

under light irradiation. To further suppress the cytotoxicity and achieve control over the antibacterial

property of a dental implant, a novel method of antibacterial enhancement of a HAp/fluorescent lig-

ands complex with gray titania coating on a Ti–6Al–4V biomaterial is introduced, as outlined in Fig.

1.5. In Chapter 1, all of the relevant evidence of previous research investigating biocompatible bio-

materials for use as orthopedic implants is summarized, and the remaining challenges are highlighted.

Accordingly, the novel concept of this study is presented by enhancing the antibacterial property of a
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Fig. 1.5 Enhancement of the antibacterial property of a dental implant from visible light irradiation on a
fluorescent HAp–amino acid complex with gray titania coating.

biomaterial such as a sensitive photocatayst via light irradiation and its free radical property. Conven-

tional titanium alloys were developed for use as an implant material because of their high corrosive

resistance and biocompatibility in the human body.

In Chapter 2, the fabrication method for the antibacterial coating on the plasma-sprayed HAp coat-

ing on conventional the Ti–6Al–4V biomaterial is described. This chapter aims at revealing the effects

of the pressure applied during the CIP process on the microstructure of HAp fluorescent complexes

and their optical properties. Although the microstuructural-dependent properties of HAp fluorescent

complexes in improvin the antibacterial property of a photocatalyst-coating layer has been reported,

the underlying mechanism driving these changes in the fluorescence property of highly compressed

HAp complexes has not yet been unveiled. The CIP process was used to successfully fabricate the

HAp–amino acid fluorescent complexes, and their fluorescence intensity was increased by increasing

the pressure during fabrication. Although the thickness of the amino acid layer was saturated under

higher pressure, the concentration of the amino acids proportionally increased with higher pressure,
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suggesting the packed structure of ligands in the HAp–amino acid complexes. Polarized Raman spec-

troscopy measurement clearly detected the normally arranged ligands on the HAp layer in highly

pressurized conditions, which can provide the highly packed ligand structure in HAp–amino acid

complexes. This structure could in turn emit stronger fluorescence by increasing the density of the

complexes. This newly found pressure dependency in the optical property of HAp–amino acid com-

plexes will be beneficial to develop biocompatible fluorescent materials or enhancement agents of

antibacterial coating layers.

Chapter 3 was performed to reveal the mechanism of the enhancement of antibacterial properties

of gray titania by plasma-sprayed HAp–amino acid fluorescent complexes under irradiation with vis-

ible light. Antibacterial coatings with visible light-sensitive photocatalysts have been widely studied

for application to dental implants. Although these photocatalysts have been safely applied to the

oral cavity, their efficacy is not high because of the low energy of irradiating light. Consequently, in

this study, HAp–amino acid fluorescent complexes were combined with visible light-sensitive pho-

tocatalysts to act as bacteria catchers as well as light concentrators, based on an idea inspired by the

mechanisms of deep-sea fluorescent coral reefs. HAp–amino acid fluorescent complexes were suc-

cessfully fabricated from three types of amino acid ligands using a CIP process. A cytotoxicity assay

on murine osteoblast-like cells revealed that the biocompatibility of the HAp–amino acid fluorescent

complexes was identical with that of HAp. Moreover, antibacterial assays using E. coli showed that

the three types of HAp–amino acid fluorescent complexes and irradiation with three types of light-

emitting diodes (blue, green, and red) significantly decreased the numbers of colony-forming units.

Furthermore, the surface potentials of HAp or HAp–amino acid fluorescent complexes were mea-
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sured by Kelvin probe force microscopy with simultaneous visible-light irradiation, which revealed

that the HAp–amino acid fluorescent complexes preserved the surface potentials even after irradia-

tion with visible light, whereas those of HAp were significantly decreased by the irradiation. Such a

preservative effect of the HAp–amino acid fluorescent complexes maintained the bacterial adhesion

performance of HAp and consequently enhanced the antibacterial action of gray titania.

Finally, Chapter 4 provides an overall conclusion of this successful investigation of the effective

antibacterial property of the fluorescent HAp–amino acid complex with gray titania coating on a con-

ventional Ti–6Al–4V substrate by applying visible light irradiation. The CIP process was used to

successfully fabricate the fluorescent complex of HAp–amino acid ligands. The exploitation of pres-

sure dependency could improve the fluorescent property. The conventional light irradiation with a

sensitive photocatalyst enhanced the antibacterial property. Moreover, standardization of this fabri-

cation method was achieved to ensure its reliability for application as implants or other biomaterials

for use in the medical industry. Therefore, through this work, it is now possible to fabricate bioma-

terial implants that are biocompatible, with controllable and reliable antibacterial property using a

plasma-sprayed HAp coating conventional titanium alloy.
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Chapter 2 Fabrication of HAp–Amino Acids

Complexes using CIP and their Optical

Properties
Abstract

This study aims to reveal the effects of pressure during cold isostatic pressing (CIP) on the mi-

crostructure and optical properties of fluorescent HAp complexes. Although the microsturucture-

dependent properties of fluorescent HAp complexes have been reported to improve the antibacterial

properties of photocatalyst coating layers, the mechanism behind the changes in the fluorescence

properties of highly compressed HAp complexes has not yet been unveiled. CIP was successfully used

to fabricate fluorescent HAp–amino acid complexes, and their fluorescence intensities increased with

increasing fabrication pressure. Peak wavelength of fluorescence emitted by the HAp–amino acid

complexes exhibited yellow to red shift. Although the thickness of the amino acid layer was saturated

in higher pressure cases, the concentration of amino acids increased proportionally with pressure,

which suggests changes in the packing structures of the ligands in the HAp–amino acid complexes.

Polarized Raman spectroscopy measurements clearly detected ligands normally arranged to the HAp

layer under high pressure fabrication conditions, which can provide the tightly packed ligand struc-

ture in the HAp–amino acid complexes. These tightly packed ligand structure in the HAp–amino acid

complexes could emit stronger fluorescence owing to the increased density of complexations. This
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newly found pressure dependency in the optical properties of HAp–amino acid complexes is ben-

eficial for developing biocompatible fluorescence materials or enhancement agents for antibacterial

coating layers.

2.1 Introduction

Titanium alloys are widely used for artificial hip joints and dental implants because of their high

mechanical strength and corrosion resistance[3, 4]. In order to bond titanium alloys implants to

bone, hydroxyapatite (HAp) coating layers are normally applied as the biocompatible coating ow-

ing to its excellent osteoconductivity [4, 5, 6]. HAp coating layers have successfully been deposited

by plasma-spraying on the surface of Ti-6A-l4V alloys for dental implants[7]. However, after long-

term use, the need for implant revision increases owing to bacterial infection [12, 8, 9, 10]. Espe-

cially for dental implants, inhibiting the attachment of biofilms on the surfaces of the dental im-

plants is indispensable for preventing bacterial infection[12, 13, 14, 16]. Researchers have tried

depositing silver ions or TiO2 nanotubes on the surfaces of implants in order to suppress bacterial

infections[17, 18, 20, 38, 21, 39, 40, 22, 23, 41]. Unfortunately, such conventional antibacterial

agents also suffer human cells because of difficulty in controlling the concentration of the antibacte-

rial agents. Therefore, the development of antibacterial and biocompatible coating layers is important

for suppressing infection in dental implants[42, 43, 44]. Researchers have proposed several methods

for modifying surface charges by chemical treatments [24, 26] or adding peptides/protein [27, 28, 30]

to fabricate such the multifuctional coating layers. Although these coating layers inhibit bacterial

attachment on the surfaces of implants, their antibacterial properties are hard to control because of
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the absence of antibacterial agents.

Fluorescent complexes of HAp combined with photocatalysts have recently been proposed as en-

hancement agents for the controllability of antibacterial properties [35, 37, 45]. This technology was

biologically inspired by the light-condensing effect of fluorescence in mesophotic reefs at the depth of

50–60 m in seawater, which increases the efficiency of photosynthesis [34]. In the case of a fluorescent

complex of HAp with 8-hydroxyquinoline (8Hq), differing amounts of pressure during the fabrication

process could provide changes in fluorescence intensity and peak wavelength [35]. Furthermore, the

surface charges on the surface of HAp coating layers were stably changed by ligands in the HAp com-

plexes, which affected their antibacterial performance[45]. Although the microsturucture-dependent

properties of HAp fluorescent complexes improved the antibacterial property of a photocatalyst coat-

ing layer [37, 45], the mechanism behind the changes in the fluorescence of highly compressed HAp

complexes has not yet been unveiled.

This study aims to reveal the effects of pressure during cold isostatic pressing (CIP) on the mi-

crostructure of fluorescent HAp complexes and their optical properties. Firstly, the fluorescence

wavelengths of different types of HAp complexes were observed by photoluminescence (PL). Raman

spectroscopy was conducted for both pure powder and fluorescent complexes of HAp with amino

acids in order to discuss the concentration of ligands. Raman spectra can reveal residual stress [46],

the formation of hydrogen bonding[47, 48], or dimers and phase changes[49]. An effect of mechan-

ical loading on the peaks shift in the Raman spectra of amino acid ligands has been observed by in

situ Raman spectroscopy as well as four-points bending(4PB)[46]. Polarized Raman spectroscopy

was also conducted to discuss the orientation of the fluorescent complexes of HAp with amino acid
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coating layers. The relationships between changes in the microstructure of the HAp complexes and

their optical properties were discussed.

2.2 Experimental procedure

2.2.1 Preparation of specimens

Three types of amino acids pure powder; Phenylalanine, Tryptophan, and Tyrosine (Kishida Chem-

ical Co. Ltd., Osaka, Japan), were used. The pure powders of the amino acids were filled in silicone

molds of a rectangular shape (KE-17, Shin-Etsu Chemical Co. Ltd. Tokyo, Japan). The silicone

molds were wrapped tightly using a plastic wrap and put into a vacuum incubator for 1 hour . The

molds were finally sealed in plastic bags using a vacuum sealer machine (AS-V-01, Kyutarou, Asahi

Industry Co. Ltd., Japan). The molds were pressurized using a Cold Isostatic Pressing machine

(Model P-500, Kobe Steel, Ltd, Japan) with the conditions of 200, 400, 600, 800 MPa and holding

time of 20 minutes, respectively (Fig. 2.1). Those pressurizing conditions were referred by previous

studies [35, 45].

Fluorescent complexes between HAp with the three types of amino acids were fabricated by the

CIP process. HAp powders and amino acids powders were mixed in a ball mill at the weight ratio

of 1:1. The mixed powders were then dried in a vacuum chamber for 1 hour, and sealed in plastic

bags using a vacuum sealer machine. The sealed plastic bags were subsequently placed in the vacuum

chamber again for 24 hours. The sealed plastic bags were pressurized using the CIP machine with the

same pressurized conditions.
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A B

C

Fig. 2.1 Cold Isostatic Pressing (CIP) machine for fabricating HAp–amino acid complexes. (A)Piston. (B)
Pressure vessel which was filled with water. (C) Wrapping samples using a vacuum sealing machine.

The same CIP procedure was applied to sealed amino acid powders on plasma-sprayed HAp Titania

coating layers on Ti-6Al-4V substrates with the dimensions of 50 × 10 ×3 mm3. For 4-point bending

in raman spectroscopy, amino acid powders were adhered on a surface of Ti-6AL-4V substrates with
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the dimensions of 35 × 5 ×3 mm3. The adhesive used was cyanoacrylate base cement (CC-33A, Ky-

owa, Japan). The side surface of the amino acids layers were polished using # 1200 emery paper. A

strain gage (KFG-2-120-C1-11L1M2R, Kyowa, Japan) was adhered on the compression side of the

substrates.

2.2.2 Optical property measurements

Fluorescence from HAp–amino acid complexes was observed by fluorescent microscope (BZ-8100,

Keyence Co., Ltd.). The excitation source were 360±20 nm, 470±20 nm and 540±12.5 nm respec-

tively with exposure time for 0.5 s. The filtering diffraction of light was DF and MF40. The lumi-

nescent results were observed in blue(460±20 nm), green(535± 25 nm ) and red (605±27.5 nm) flu-

orescence. Photoluminescence(PL) spectra was also observed using Fluorescence Spectrophotome-

ter (F-7000, Hitachi High Technology, Japan). Photoluminescence excitation (PLE) and PL spectra

were measured from 200nm to 800 nm using the sampling interval of 10nm, scanning rate of 30000

nm/min, excitation slit of 5nm, emission slit of 20nm and photomultiplier voltage of 400 V, respec-

tively. UV - filter was inserted at the emission side in order to cut the fluorescence emitted by amino

acids whose maximum wavelength was in the UV range (290nm(Phe),305nm(Tyr),and 350nm(Trp),

respectively)[50]. Though the HAp powders reflected the excitation light, the PL intensity was cal-

culated using the background subtraction of the intensity of HAp powders from the one of HAp–

amino acid complexes. PL spectra were fitted into Gaussian function ( a exp (− (x−b)2

2c2 );indeterminate

coefficients;a, b, c) using a non-linear least-squares method solved by Gauss - Newton method in

R 3.4.2 package. Quantum yields of fluorescence by HAp–amino acid complexes were also mea-
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sured using absolute PL quantum yields measurement system (Quantaurus-QY, Hamamatsu Photon-

ics, Japan).

2.2.3 Surface morphology measured by Scanning Probe Microscope(SPM)

In order to evaluate a thickness of ligands layers of HAp–amino acid complexes, SPM measurement

were conducted. Micro vickers hardness tests were firstly applied on the surface of the HAp–amino

acid fluorescent complex layers to expose HAp coating layers at the edges of Vickers markers. Contact

modes measurements using a cantilever of Micro cantilever, OMCL-TR800PSA-1, Olympus with the

conditions of laser operating point at 0.2 volt, P-gain 0.001 and I-gain of 700.0 (SPM-9700, Shimadzu

Co. ltd.). The thickness of the ligands layers was then measured by steps in surface profiles by SPM

measurements.

2.2.4 Raman spectroscopy measurements

Raman spectroscopy measurements were conducted to identify structural changes in fluorescent

complexes between HAp with amino acid powders. Laser source was 532 nm (25mW) ,grating #2400,

magnification lens ×100, exposure time of 4 seconds and accumulation of 20 times were used in the

measurements (LABRAM HR 800, Horiba Jobin Yvon). In order to suppress fluorescnce during the

raman spectroscopy measurement, 785nm laser source wer also used (NRS-7200, Jasco).

For mechanical loading tests, a four-point bending jig [46] was placed under the CCD camera of the

raman spectroscopy instrument(LABRAM HR 800, Horiba Jobin Yvon). Load step was 10 N and and

raman spectra at a maximum bending stress point was observed by every 10 N until the specimen was
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broken. The applied load was converted into bending stress σ using the elastic formula of 4-points

bending.

2.2.5 Polarized Raman spectroscopy measurements

Polarized raman spectroscopy measurements were conducted to observe anisotropy of spectra in-

tensity of HAp fluorescent complexes. Each of three types of polarization lenses; SPF-30C-32, WPQ-

5320-2M, or Z-Polarizer(Z-Polarizer-532-QzM-4), (OptoSigma, California, USA) were inserted in an

input path or an output path of laser line in the raman spectroscopy machine. (LABRAM HR 800,

Horiba Jobin Yvon). Measurement conditions were the same as in the cases of raman spectroscopy

without using the polarizers. In the case of Z -direction polarization measurements, it was impossible

to insert the Z-Polarizer in the output path of laser due to its polarization mechanism. Therefore, the

Z-polarizer was inserted only in the input pathway.

In order to analyze alignment angles of the ligands in HAp/amino acid complex, Raman tensor

analyses for orientation angles of molecules in a single crystal [51] were applied to analyze the polar-

ized Raman measurement results. The relation of raman tensors between αlab in the laboratory axis

system XYZ with αmol in the molecule axis system xyz is shown in the following equation,

αlab = RTαmolR · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2.1)

where R is the orthogonal rotation matrix using angles ϕ, θ, ψ. A peak of 997 cm−1 in phenylalanine

was selected for the calculation because it was the strongest peak and an in-plane vibration mode[52].

Raman tensors α are defined by the next equation[51, 53],
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α = α3



r1

r2

1


· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2.2)

In the case of in-plane bending mode [52], r1 = r2 in equation (2.2). The relationship between

polarized raman intensityIi j with the raman tensor is then expressed as the following equation,

Ii j = K|eT
i RTαmolRe j|2 (i,j=X,Y,Z) · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·(2.3)

where ei is the unit vector of the exciting radiation. The equation (2.3) has five unknowns, r1 =

r2, ϕ, θ, ψ and K. Polarized raman measurement results for five pairs are then necessary. Using Z-

polarizer enabled us to complete the five measurements. Five non-linear simultaneous equations

using the equation (2.3) were numerically solved using R 3.4.2 package. Though the second order of

the equation (2.3) could not provide an unique solution, we obtained several pairs of angles. The pair

which had maximum values in the angles were selected as an orientation angle.

2.3 Results

2.3.1 Pressure dependency of fluorescence property of HAp–amino acid com-

plexes

Fluorescent microscopy observations revealed that all three types of HAp–amino acid complexes

emitted fluorescence, and those maximum values in wavelength were highly dependent on the pres-

sure used during fabrication (Fig. 2.2). Fluorescence emitted by amino acid was in the UV range
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Fig. 2.2 Pressure dependency on fluorescence intensity emitted by HAp–amino acid complexes. (A–D)
HAp-phenylalanine (Phe) complex. (E–H) HAp-tryptophan (Trp) complex. (I–L) HAp-Tyrosine (Tyr)
complex. All pictures are merged images of of red, green, and blue fluorescent images. Exposure time in
all images was 0.5 s.

(290nm(Phe),305nm(Tyr),and 350nm(Trp), respectively [50]), and the HAp complexes emitted green

to yellow fluorescence by Metal-Ligands Charge Transfer (MLCT) [35]. Though the complex layer

was covered by unreacted amino acids, the diffraction or UV fluorescence by amino acid surface,
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Fig. 2.3 Pressure dependency on photoluminescence spectra emitted by the powders of HAp-phenylalanine
(Phe) complex (Excited by 330nm).

Fig. 2.4 Pressure dependency on photoluminescence spectra emitted by the powders of HAp-Tyrosine
(Tyr) complex (Excited by 330nm).
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A

B

Fig. 2.5 Pressure dependency on photoluminescence spectra emitted by the powders of HAp–amino acid
complexes. (A) HAp-tryptophan (Trp) complex (Excited by 280nm). (B) HAp-Trp complex (Excited by
480nm)
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which could not be perfectly suppressed by UV filter, was observed. Observed fluorescence was then

blue to green in the low pressure cases (Fig.2.2(a-c,d,-g,i-k)). On the other hand, high pressure could

decrease thickness of unreacted layer and increase concentration of the HAp–amino acid complex,

which led to dominant composition of fluorescence emitted by the complexes (Fig. 2.2(d,h,l)). Es-

pecially in the case of highly compacted case, intermolecular interaction among benzene rings in the

amino acid molecule increased (π − π stacking [54]), which can promote red-shifted fluorescence.

We have observed fluorescence of HAp-Phe complex after water immersion, and fluorescence color

was changed from blue-green, yellow to red[45] . These results can be explained by the removal of

unreacted amino acid layer and exposure of HAp–amino acid complex layer which was stacked on

the surface of HAp. Consequently, the change in fluorescence color in Fig.2.2 can be attributed to

decreased fluorescence by amino acid themselves as well as increased concentration of HAp–amino

acid complex.

The PL spectra also showed increased yellow to red fluorescence in the case of 800MPa (Figs.

2.3,2.4,2.5). In the case of HAp-Phe complex, it was the most excited by 330nm though the maxi-

mum absorption wavelength in Phe itself was 257 nm[50], which simply certified the complexation.

Higher compression provided broadened peak to yellow light region (the 600 MPa in Fig.2.2 (c) and

Fig. 2.3), and stronger fluorescence from blue to red light region (the 800 MPa in Fig.2.2 (d) and Fig.

2.3). HAp-Tyr complex was also excited mostly by 330nm though the maximum absorption wave-

length in Tyr itself was 275 nm [50]. Green fluorescence was firstly increased in the cases of 400 MPa

and 600 MPa cases (Fig.2.2 (j,k) and Fig. 2.4), and finally yellow light region subsequently increased

in the 800 MPa case, which led to stronger as well as broadened peak (Fig 2.2 (j,k) and Fig. 2.4).
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Fluorescence of the HAp-Trp complex excited by 280 nm (maximum absorption wavelength of Trp

[50] ) showed strong blue fluorescence probably due to the leaked bottom edge of UV fluorescence

by Trp itself. However, the existence of a peak at 560-580 nm (yellow) was significantly detected and

its intensity was increased at highly compressed cases (Fig. 2.2 (e,f,g) and Fig. 2.5). PL spectra of

the HAp-Trp complex excited by 480 nm (newly formed maximum absorption peak in PLE spectra)

showed that yellow fluorescence was increased especially at the 800 MPa case ( Fig. 2.5(B)) , and the

peak was matched with the fluorescence microscope observation (Fig.2.2 (h)). A higher peak at the

400 MPa of HAp-Trp complex was not due to HAp-Trp complex but to an increased concentration of

Trp because it showed blue fluorescence emitted by Trp itself (Fig.2.2(f) and blue-shifted peak inFig.

2.5(B)). The highest pressure cases commonly demonstrated increased intensity as well as yellow to

red shifted fluorescence (Fig.2.2(D,H,L) and Figs. 2.3,2.4,2.5), which revealed the pressure depen-

dency of fluorescence.

In the case of 800MPa, quantum yields of HAp-Phe and HAp-Trp complexes were gradually

increased (Figs.2.6,2.7). probably due to increased concentration of the complexes. Those of the

HAp-Tyr complex were not increased regardless of the pressure conditions (Fig.2.8). In the 200 MPa

case in the HAp-Phe complex,the values were widely fluctuated due to diffraction or reflection light

by HAp particles because the case did not exhibit strong fluorescence (Fig.2.2(a)). These values of

quantum yields were identical to those of the solid state fluorescent complexes [55].
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Fig. 2.6 Pressure dependency on absolute quantum yields of fluorescence emitted by the powders of HAp-
phenylalanine (Phe) complex.

Fig. 2.7 Pressure dependency on absolute quantum yields of fluorescence emitted by the powders of HAp-
tryptophan (Trp) complex.
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Fig. 2.8 Pressure dependency on absolute quantum yields of fluorescence emitted by the powders of HAp-
Tyrosine (Tyr) complex

2.3.2 Thickness of amino acids ligands on HAp coating

SPM measurement revealed increased thickness of ligands of HAp-Phe complex which was fab-

ricated by higher pressure(Fig. 2.9A,B). Surface morphology was changed from flat to shallow ter-

raced fields as indicated by red dashed lines (Fig. 2.9(a-d)), which specified the amino acid layer at

the indentation edges. We retrieved cross-sectional surface profile and removed inclinations in the

surfaces using a baseline correction, and then the thickness of the ligand layer was finally measured

by maximum height in the amino acid area. Measured thickness of amino acids were increased with

increasing fabricating pressure(Fig. 2.10). Such the saturated thickness was commonly observed re-

gardless the types of amino acids (Fig. 2.10). HAp-Try complex had a thinner thickness probably due

to its repulsive force by polarized charge at its surface.
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A B

C D

Fig. 2.9 Scanning Probe Microscopy(SPM) image for HAp–amino acid complexes at the indentation edges
made by micro Vickers hardness indenter. (A) HAp-Phe complex CIPed 200 MPa. (B) HAp-Phe complex
CIPed 400 MPa (C) HAp-Phe complex CIPed 600 MPa. (D) HAp-Phe complex CIPed 800 MPa Red dash
lines indicate the area of amino acid layers at the indentation edges.

2.3.3 Pressure dependency of raman spectra of HAp–amino acid complexes

Raman spectroscopy measurement was conducted to observe the molecular structure of amino acid

molecules in HAp–amino acid fluorescent complexes. The pressure itself did not affect significantly

the Raman shift of the strongest peak δ in of Phe (Fig. 2.11(a)) though the peak intensity was pro-

portionally increased due to increased concentration by compaction. The formation of the HAp-Phe

complex shifted the δ peak by approximately 10 cm−1, regardless of the fabrication pressure (Fig.

2.11(b)). There are two considerable mechanisms of the peak shift, e.g., residual stress[46] and for-
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Fig. 2.10 Pressure dependency of thickness of amino acid layer measured by SPM.

mation of chemical bond[47, 48, 49]. 4-Point bending determined that peak shift coefficient of Phe

was approximately - 0.5cm−1/ GPa((Fig. 2.12). The obtained values was identical to a reported value

( -0.58cm−1/ GPa) by diamond anvil test conducted by da Silva et. al.[56]. In phenylalanine case,

stress softening by elongation of molecule chain may decrease strain in the phenylalanine and then

low peak shift coefficient was obtained. The low value of peak shift coefficient can simply reject

a hypothesis that major cause of peak shift was mechanical residual stress (10 cm−1 in peak shift

corresponds to - 20 GPa of residual stress). Therefore, the peak shift (Fig. 2.11A and B ) was due

to formation of chemical bonds such as hydrogen bond, dimer of complexations. During the com-

plexation, coordinate bonds between surface Ca+2 ions in HAp crystals with the amino group and
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A

B

Fig. 2.11 Pressure dependency on raman spectra of HAp-phenylalanine (Phe) complex. (A)Phe powder
after CIPed. (B) HAp-Phe complex.
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Fig. 2.12 Peak shift at the major peak of Phe subjected to 4-Point bending.

the carboxyl group in amino acid molecules can be formed. The HAp–amino acid complex emits

fluorescence by MLCT [35] and π−π stacking [54]between molecules induced by highly compaction

can shift fluorescent wavelength toward red.

Relative concentration of amino acids on the surface of HAp–amino acid complexes was es-

timated using intensity ratio of raman spectra between the one of HAp with the other of amino

acids. he relative concentration was commonly increased by increasing pressure in CIP process

(Figs.2.13,2.14,2.15). Though the thickness of amino acid was saturated at higher pressure cases

(Fig. 2.10), the observed values of concentration of amino acid were proportionally increased to

pressure. Such the result indicated that a packing structure of amino acid was changed in a high

pressurized condition.

50



2.3. RESULTS 51

Fig. 2.13 Relative concentration of amino acid ligands in HAp-Phe complex

Fig. 2.14 Relative concentration of amino acid ligands in HAp-Trp complex

51



CHAPTER 2. FABRICATION OF HAP–AMINO ACIDS COMPLEXES USING CIP AND
THEIR OPTICAL PROPERTIES 52

Fig. 2.15 Relative concentration of amino acid ligands in HAp-Tyr complex

2.3.4 Detection of orientation of amino acid ligands by polarized Raman spec-

troscopy

Polarized raman spectroscopy measurement was then conducted in order to observe orientation

behavior of amino acid ligands in HAp–amino acid complex layers. Numerically calculated angles

of orientation using the equation (2.3) demonstrated that the Phe ligand in HAp-Phe complex was

more normally arraigned to the HAp coating in highly pressurized conditions (Fig.2.16). In the case

of 800 MPa, orientation angle was seemed to be saturated and the tendency was corresponded to the

saturated thickness of ligands. Such the highly packed structure of ligands in fluorescent complex

could affect its chemical, physical and optical properties[35, 48, 51].
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Fig. 2.16 Orientation angles of Phe ligands in a HAp-Phe complex. The angles were calculated using
equation (2.3).

2.4 Discussion

The present study observed the effect of pressure on optical property and microstructure of HAp–

amino acid complexes. Fluorescent microscopy demonstrated that microscopic fluorescent intensities

emitted from the HAp–amino-acid complexes were increased by increasing fabricating pressure(Fig.

2.2), though the peak wavelength in PL spectra and quantum yields were not sensitive to the pres-

sures (Figs. 2.3,2.4,2.5 and Figs. Figs.2.6,2.7,2.8,). SPM measurement detected the saturated val-

ues in the thickness of ligands layer in the HAp–amino acid complexes ((Fig. 2.10), though the

proportional increase in the concentration of the ligands was commonly observed by raman spec-

troscopy(Figs.2.13,2.14,2.15). 4-Point bending test with raman spectroscopy measurement denied
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Fig. 2.17 Schematic illustration demonstrated that highly packed structure of ligands could enhance optical
property of HAp–amino acid complex fabricated by CIP.

the effect of mechanical strain on the changes in raman spectra((Fig. 2.12), and the peak shift in

raman spectra clearly suggested the formation of ligands by complexation ((Fig. 2.11A and B). The

result of raman spectra also indicated that molecular interaction condition between HAp with amino

acid was not much influenced by fabricating pressure (Fig. 2.11B). Polarized raman spectroscopy

measurement clearly detected the normally arraigned ligands to the HAp laryer in highly pressurized

conditions (Fig.2.16), which can provide highly packed ligand structure in HAp–amino acid com-

plexes.

The schematic illustration on the effect of pressure pressure on optical property and microstruc-

ture of HAp–amino acid complexes is then shown in Figure 2.17. Though the amino acid molecules
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have a polarized charges at a side chain in the molecule, such the electric charges could be repul-

sive force to prevent aggregation during compression. Such the repulsion among adjacent molecules

on the surface of HAp could reduce a frequency of complexation in the case of lower pressure. In

highly compressed cases, though the repulsive force would be worked among molecules, the higher

pressure could provide more dense, compacted layer of amino acid layers by normal arraignment of

the molecules onto the surface of HAp coating. Consequently, such the compacted layer of amino

acid could increase close contacted area at the surface of HAp and subsequent increased frequency of

complexation. Therefore, more packed HAp–amino acid complex layer, which emitted brighter fluo-

rescence, could be fabricated. The above interpretation can explain the reason of different thickness

of the amino acid layer according to the types of side chains. Phenylalanine(Phe ) and Tryptophan

(Try ) are hydrophobic ones and then the intermolecular repulsive forces between aromatic rings in

the neighboring molecules would be small and then the highly compacted layer could be formed.

On the contrary in the case of Tyrosine (Tyr), which has a hydroxyl group (-OH) in its side chain,

exhibited hydrophilic property and then larger repulsive force was worked to prevent compaction of

the ligands. We found the pressure dependency in optical property of HAp–amino acid complexes

and such the result is beneficial to develop biocompatible fluorescent materials for bioimaging appli-

cation etc. Such the HAp fluorescent complexes can enhance antibacterial property of titania as well

as adjusting cell adhesion behavior of HAp itself[35, 37, 45].

The peak wavelength of HAp–amino acid complexes was not sensitively shifted by fabricating

pressure probably due to the small molar amount of the molecules, which could not be strained by the

compression. Nagura et. al. reported that tetrathiazolylthiophene molecule showed specific red shift
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in its fluorescent wavelength when it was subjected to shear load [36]. Such the mechanocromic be-

havior is quite beneficial to adjust optical property of the fluorescent materials. In the present study,

we used the single molecule of amino acid as the ligands in the complexation. Using polyamino

acid may provide more pressure dependent optical property due to its molecular interactions among

strained polymers. Such the effects by the molecular structure of the ligands should be further inves-

tigated in the future studies. Quantum yield is still low compared with the one in solution because of

re-absorption behavior of light in highly dense solid structure. Especially the existence of unreacted

layer of amino acid onto the HAp–amino acid complexes might reduce fluorescence intensity. Addi-

tional treatment, such as heating or immersion etc, should be tried to optimize fluorescent property of

the HAo -amino acid complexes.

2.5 Conclusion

CIP process successfully fabricated the HAp–amino acid fluorescent complexes and their fluores-

cence intensity was increase by increasing the pressure during fabrication. Though the thickness of

amino acid layer was saturated in higher pressure cases, the concentration of amino acid proportion-

ally increased by the higher pressure, which suggest the packed structure of ligands in the HAp–amino

acid complexes. Polarized raman spectroscopy measurement clearly detected the normally arraigned

ligands to the HAp laryer in highly pressurized conditions, which can provide highly packed ligand

structure in HAp–amino acid complexes. Highly packed ligand structure in HAp–amino acid com-

plexes could emit stronger fluorescence by increased density of the complexes. The newly found

pressure dependency in optical property of HAp–amino acid complexes is beneficial to develop bio-
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compatible fluorescent materials or enhancement agent of antibacterial coating layers.
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Chapter 3 Enhancement Effect on Antibacterial

Property of Gray Titania Coating by

Plasma-Sprayed Hydroxyapatite-Amino

Acid Complexes during Irradiation with

Visible Light
Abstract

The aim of this study was to reveal the mechanism of enhancement of antibacterial properties

of gray titania by plasma-sprayed hydroxyapatite (HAp)–amino acid fluorescent complexes under

irradiation with visible light. Although visible-light–sensitive photocatalysts are applied safely to

oral cavities, their efficacy is not high because of the low energy of irradiating light. This study

proposed a composite coating containing HAp and gray titania. HAp itself functioned as bacteria

catchers and gray titania released antibacterial radicals by visible-light irradiation. HAp–amino acid

fluorescent complexes were formed on the surface of the composite coating in order to increase light

intensity to gray titania by fluorescence, based on an idea bioinspired by deep-sea fluorescent coral

reefs. A cytotoxicity assay on murine osteoblastlike cells revealed that biocompatibility of the HAp–

amino acid fluorescent complexes was identical with the that of HAp. Antibacterial assays involving

Escherichia coli showed that the three types of HAp–amino acid fluorescent complexes and irradiation
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with three types of light-emitting diodes (blue, green, and red) significantly decreased colony-forming

units. Furthermore, kelvin probe force microscopy revealed that the HAp–amino acid fluorescent

complexes preserved the surface potentials even after irradiation with visible light, whereas those of

HAp were significantly decreased by the irradiation. Such a preservative effect of the HAp–amino

acid fluorescent complexes maintained the bacterial-adhesion performance of HAp and consequently

enhanced the antibacterial action of gray titania.

3.1 Introduction

A titanium alloy coated with plasma-sprayed hydroxyapatite (HAp) has been widely applied to

biomedical components, such as dental implants, artificial hip joints, and knee joints [7]. One of the

major causes of revision of such implants is loosening [11]. The HAp coating promotes a stronger

bond between surfaces of implants and human bone, thereby resulting in earlier fixation of the im-

plants and their long service life [4, 57, 6, 5]. Nonetheless, another cause of revision procedures—

bacterial infection—recently came up as a serious problem [43, 16, 9, 8, 13, 10]. Bacterial infection

on the surface of implants forms a biofilm, which causes peri-implantitis and inflammation of the sur-

rounding tissues [10]. Damage by bacterial infection occurs in approximately 5% of cases of revision

or reconstruction of orthopedic implants [43]. To prevent a fracture caused by bacterial infection, an

antibacterial technology is necessary.

Two types of coating, i.e., passive coating and active coating, have been widely studied as an

antibacterial agent on the surface of implants [44, 14, 58]. Passive coating is intended to prevent

adhesion of bacteria to the surface of implants by controlling surface morphology, wettability, con-
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ductivity, surface charge, or crystal structure of a substrate [24, 58, 59]. Surface morphology, such as

roughness or height, greatly affects bacterial adhesion behavior [31, 32, 33]. Although a polished sur-

face can reduce bacterial adhesion, such a reductive effect of the roughness decrease reaches a plateau

below a certain level of roughness. Hydrophilicity of the surface also has a major impact on bacterial

adhesion [12]; however, the wettability of surfaces cannot last in long-term use. An active coating,

which contains mesoporous materials or nanofibers, releases antibacterial agents such as metal ions,

an antibiotic, free radicals, or nitrogen monoxide [43, 8, 44, 14, 58, 42, 60, 61, 62, 63, 64, 65, 66,

67]. Placing Ag ions on surfaces is the most widely studied technique as an antibacterial modality

[61, 62, 66, 17, 68, 18, 20, 69, 26, 22, 70, 71, 23, 41]. An antibiotic [72], peptide [73, 74, 30], or

organic compound like polycaprolactone or chitosan [65, 75, 41] have also been tested as antibacterial

agents. Though these released antibacterial agents show adequate performance, controlling or main-

taining these concentrations in body fluids is difficult. Unfortunately, the released antibacterial agents

suppress osteointegration at the interfaces between implants with surrounding tissues. Antibacterial

agents that do not obstruct osteointegration are preferable.

A multifunctional coating that can inhibit bacterial infection as well as maintain osteointegration

was recently considered because of the crucial capacity for preventing revision of orthopedic implants

[43, 44]. Multifunctional coatings are classified into a) those inhibiting bacterial adhesion via non-

toxic compounds [14, 27, 28, 76], b) composites with controlled release of an antibacterial agent with

an agent promoting osteoblast adhesion [77, 78, 79, 40], and c) those stimulating the release of an

antibacterial agent, e.g., by UV irradiation or a magnetic field [80, 81]. The RGD peptide [14, 27, 28]

can reduce bacterial adhesion whereas fibronectin can adhere to the surface covered by the RGD pep-
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tide. Nonetheless, the RGD peptide has no antibacterial effect (does not kill bacteria). A controlled

release of an antibacterial agent such as Ag ions or gallium may reduce viability of bacteria while the

activity of osteoblasts can be preserved [79, 40]. Balancing the release rate with a concentration of

the agent is a challenge in long-term use. UV irradiation of a photocatalyst [80] or application of a

magnetic field [81] may exert significant antibacterial effects, but they simultaneously affect human-

cell viability. Light-activated antibacterial effects of nanofiber or nanofibrous membranes, which

were made of organic molecules based on benzophenones or polyphenols, were reported [82, 83, 84].

When considering bonding coating onto the surface of metallic implants, multifunctional coatings

based on plasma-spraying technology are beneficial because plasma-sprayed coatings have sufficient

interfacial strength with metallic substrates. Matsuya et. al. developed a composite coating contain-

ing a fluorescent complex of hydroxyapatite with a visible-light–responsive photocatalyst, and this

composite coating has an antibacterial effect induced by visible-light irradiation [35, 37]. On the

other hand, the ligand of the HAp complex was also cytotoxic. A visible-light–responsive plasma-

sprayed coating, which can possess both antibacterial property and cytocompatibility, has not been

developed to date.

Here we proposed a new biocompatible composite coating containing a fluorescent complex of

HAp with gray titania, as shown in Fig. 3.1. HAp itself functioned as bacteria catchers and gray

titania released antibacterial radicals by visible-light irradiation. HAp–amino acid fluorescent com-

plexes were formed on the surface of the composite coating in order to increase light intensity to gray

titania by fluorescence. Fabricating a fluorescent complex of HAp from biocompatible ligands such

as amino acids can overcome the limitations seen in other studies [35, 37]. Therefore, the aim of this
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study is to reveal the enhancement mechanism of antibacterial properties of titania by HAp fluorescent

complexes after light irradiation. A cytotoxicity assay involving osteoblasts and an antibacterial as-

say using Escherichia coli were conducted to clarify the performance of the proposed multifunctional

coating. Bacteria on the surface of the coating, which are bound by the HAp complex, can be ex-

posed to a higher concentration of radicals produced by a photocatalyst. Intensity of such interactions

between bacteria and the surfaces of biomaterials has been investigated by atomic force microscopy

(AFM) [85, 86, 87, 88], which has uncovered the effects of wettability, surface roughness, or mor-

phology on the bacterial adhesion behavior. Surface potential is also an important property affecting

the adhesion behavior of bacteria on the surface of biomaterials [89, 90], and Kelvin force microscopy

(KFM) can detect the changes in surface potential induced by light irradiation [91, 92]. The surface

potential on the surface of HAp complexes under light irradiation was measured by KFM to elucidate

its light-induced mechanism of enhancement of antibacterial properties.

3.2 Experimental procedures

3.2.1 Fabrication of composite coating of HAp with gray titania

Ti-6Al-4V plates were machined to the dimensions of 50 × 10 × 3 mm. HAp powders (HAP-100,

Taihei Chemical Co., Ltd., Japan) were sieved at approximately 90 µm and were crushed by ball

milling. The HAp powders were deposited on the Ti-6A-l4V plates by plasma spraying (model 9

MB, Seltzer Meteco under the following conditions: current of 500 A, controlling voltage of 68 V,

particle feed rate of 15 g/min, and spraying distance of 140 mm). The average thickness of the HAp
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Fig. 3.1 The model of antibacterial properties of a composite photocatalyst with fluorescent HAp–amino
acid complex as a coating under light irradiation.

coating was approximately 100 µm. Ti2O3 powder (TIE02PB, Kojundo Chemicals,Japan) was sieved

through 90µm mash as well. The average particle size of Ti2O3 was smaller than 90µm. The powder

composed of 80 wt%HAp/20 wt% Ti2O3 was mixed in a ball mill for 1 hour. Only photocatalyst

coating exhibited insufficient antibacterial property due to the suppression of bacterial adhesion[93],

and then we selected the ratio so that the surface of HAp particles can be partly covered by Ti2O3

particles. Matsuya et.al. reported that plasma-sprayed Ti2O3 was transformed into Rutile( TiO2) with

Ti6O11, which could produce oxygen radicals under visible-light irradiation [37]. They called the

plasma-sprayed Ti2O3 coating as gray titania coating [37], which is used in the present study.
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3.2.2 Fabrication of the HAp complex with an amino acid by cold isostatic

pressing (CIP)

Three amino acid ligands—phenylalanine (Phe), tryptophan (Trp), and tyrosine(Tyr) (Kishida Chem-

ical Co., Ltd., Osaka, Japan)—were used for complexation with HAp. The three types of aromatic

amino acids were selected due to their strong fluorescent property. Namely, 500 mg of an amino

acid powder was placed on the surface of a plasma-sprayed HAp coating, and all the samples were

sealed with plastic bags on a vacuum drawing machine. The sealed HAp coating was next dried in

an incubator at 40 ◦C for 24 h. Finally the sealed HAp coating bags were pressurized by CIP (Model

P-500, Kobe Steel, Ltd., Japan) at maximum pressure 800 MPa and holding time 20 min [35].

3.2.3 Examination of fluorescence emitted by the HAp complex with amino

acids

Fluorescent properties of HAp complexes with one of three amino acids were examined under

ultraviolet irradiation with excitation wavelength of 315–400 nm (FPL27BLB, Sankyo Denki Co.,

Ltd.). The HAp amino acid complex coating was then immersed in distilled water for 7 days and

30 days in order to remove unreacted amino acid on the surface. HAp amino acid complex should

be hardly soluble in water and then the remained fluorescence after the immersion can certify the

existence of the complex. The wavelength of fluorescence was evaluated by luminescence microscopy

(BZ-8100, Keyence Co., Ltd., Japan.), before and after 30-day immersion. Three types of excitation

source, 360 ± 20, 470 ± 20, and 540 ± 12.5 nm with exposure time of 0.5 s were employed to observe
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blue (460 ± 20 nm), green (535 ± 25 nm), and red fluorescence (605 ± 27.5 nm).

3.2.4 Cytotoxicity assay

Mouse MC3T3-E1 osteoblasts (RIKEN Bioresorce Center, Japan) were used to evaluate cytotoxic-

ity of HAp fluorescent complexes with an amino acid. HAp fluorescent complexes with an amino acid

coating were sterilized using an UV light. Plasma-sprayed HAp coating is used for metallic implants

to enhance their osteoconductivity [7]. Osteoblast cells are used for observing cytocompatibility of

HAp coating containing antibacterial agents in order to observe whether the osteoconductivity of HAp

coating would be deteriorated by antibacterial agents[18, 94]. Osteoblasts were cultured in the high-

glucose DMEM medium that was supplemented with 10% of fetal bovine serum (FBS), L-glutamine

(WAKO, Osaka, Japan), and 1% of a Penicillin-Streptomycin solution (Sigma-Aldrich, Osaka, Japan),

at 37 ◦C in an incubator (SANYO, MCO-18AC, 5% CO2 with 100% humidity). A Trypsin-EDTA

solution (0.05% w/v; WAKO, Osaka, Japan) served for cell detachment during subculturing. The

MC3T3-E1 cells at 8 ×104/ml were also cultured on the surface of a fluorescent HAp–amino acid

complex in 24-well plates for 24 h. The composition of the medium and cell density were determined

by referring a previous study [95] for stable incubation. The adherent and proliferating cells were

counted with Cell Counting Kit 8 (CCK8, DOTITE, Dojindo Laboratories, Japan) and their optical

density was measured using a microplate reader with the filter wavelength of 450 nm. Values of op-

tical density are proportional to the concentration of living cells containing in the medium and the

significant decrease in the values of optical density indicates the toxicity of materials.
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Table 3.1 Conditions of antibacterial testing. Labels in the columns indicate each condition

LED type Specimen Testing method
HAp /Titania HAp complex /Titania Irradiation time Bacteria count

Non irradiation C−/L− C+/L−
1

OD
Blue (425nm) C−/LB+ C+/LB+

Green (532nm) C−/LG+ C+/LG+ CFU
Red (630nm) C−/LR+ C+/LR+ [hour] (Colony Forming Unit)

3.2.5 Evaluation of antibacterial properties of HAp fluorescent complexes with

Gray titania

Antibacterial assays involving E. coli K12 were conducted to confirm the enhancing effects of HAp

fluorescent complexes on antibacterial properties of gray titania under visible-light irradiation. We

previously reported an effectiveness of HAp /8-Hydroxyquinoline complex as an enhancement agent

of antibacterial property of gray titania[37]. However, 8-Hydroxyquinoline itself has cytotoxicity.

E.Coli was used in the antibacterial test in order to directly compare the enhancement effect by HAp

fluorescent complex of the toxic ligand with the ones by the complexes without toxic ligands (amino

acids). Several researches[77, 81] also used E.Coli to discuss basic antibacterial property of their

developed multifunctional coating. Three laser types of visible light, 425 nm (blue), 532 nm (green),

and 630 nm (red), were used for irradiation at controlled irradiance of 50 mW/cm2. Irradiation con-

ditions are summarized in Table 3.1. Both HAp/Gray titania coating and HAp complex /Gray titania

coating were tested against bacterial Escherichia Coli K12 (E.Coli). The Luria–Bertani (LB) medium

consisting of bacto tryptone (10 g/L), bacto yeast extract (5 g/L), NaCl (5 g/L), and deionized water,

was sterilized in an autoclave at 120 °C, 1.2 ks (TOMY, SX-500). A suspension containing E. coli

was cultured directly on an HAp coating in the LB medium. Turbidity was measured on a spec-
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trophotometer (Hitachi U-1100 at wavelength 600 nm). Because the initial values of OD fluctuated,

OD values after specific hours were normalized to the one at 0 hour ( immediately after light irradi-

ation) to evaluate growth rate of E.Coli[49]. [37]. The E. coli suspension, following the incubation,

was diluted 107-fold. Next, 0.2 mL of the diluted suspension was grown on LB nutrient agar and

incubated at 37 ◦ C for 18 h. Colonies on the LB nutrient agar medium were counted in the pictures

of the plates.

3.2.6 KFM analysis of the surface of HAp fluorescent complexes

KFM analyses of the surfaces of HAp or HAp–amino acid complexes were carried out to clarify

the effects of ligands on surface potential during light irradiation. HAp plates made by CIP were

employed for KFM to reduce the effect of surface roughness on this analysis. A fixed stand of LEDs

was set in front of a scanning probe microscope, SPM-9700 (Shimadzu Science Co., Ltd.).

Two types of LED light, 425 nm (blue), and 532 nm (green) served for the irradiation at irradiance

50 mW/cm2. The measurement was conducted in a dark room at room temperature (25 ◦C. At first,

KFM analyses before light irradiation were conducted in a region of 1000 × 1000 nm. Immediately

after completion of the scanning by KFM cantilever, a LED lamp was turned on, and the same scan

was repeated in the same region. Surface potential was calculated using the average value of the

analyzed region, and the surface potentials before and after LED irradiation were designated as Vo f f

and Von, respectively. Changes in surface potential were calculated as Von−Vo f f . Analytical conditions

of KFM were as follows: laser potential at operating point of 0.2 V, frequency adjustment of 67

kHz, driving gain of 0.5, and I-gain of 700.0. The cantilever used in the KFM analysis was EFM-
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20 (Nanoworld Innovate Technology Product Corporation). The KFM analysis was performed in

triplicate by moving to different positions for each type of HAp fluorescent complexes.

3.2.7 Statistical analysis

ANOVA and multiple comparison by Holm’s method were applied to the results of the cytotoxicity

assay, the antibacterial assay, and the KFM analysis. The significance level was set to p < 0.05. All

statistical analyses were performed in the R3.4.2 software.

3.3 Results

3.3.1 Fluorescence wavelength for different ligands (amino acids)

The CIP process successfully fabricated HAp–amino acid complexes (Fig. 3.2), as in the case of a

HAp-8-hydroxyquinoline complex [35]. Tris(8- hydroxyquinoline)aluminum (Alq3) is a typical fluo-

rescent complex [60] and HAp with 8-hydroxyquinoline could form a fluorescent complex fabricated

by mechanochemical method[96]. The result exhibited that Ca ion in HAp crystal with molecules

of amino acid can also form a complex. Static compression of 800 MPa produced a coordination

bond between Ca ions in the HAp crystal and an amino group in hydrophobic amino acids (Phe,

Trp) or a hydrophilic amino acid (Tyr). The HAp–Phe and HAp–Tyr complexes manifested variation

in wavelength from blue (Fig. 3.2A and C) whereas the HAp–Trp complex showed approximately

yellow fluorescence (Fig.3.2B). Changes in fluorescence from HAp–amino acid complexes were ob-

served after water immersion. (Fig.3.2). Fluorescence emitted by HAp–Trp and HAp–Phe complexes
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A B C

Phe 100 µm 100 µm 100 µm

D E F

Trp 100 µm 100 µm 100 µm

G H I

Tyr 100 µm 100 µm 100 µm

Non immersion 7 days immersion 30 days immersion

Fig. 3.2 Effects of types of ligand in HAp–amino acid complexes on fluorescence wavelength. (A–C) HAp-
phenylalanine (Phe) complex. (D–F) HAp-tryptophan (Trp). (G–I) HAp-tyrosine(Tyr) complex. (A,D,G)
Before immersion. (B,E,H) After 7-days immersion. (C,F,I) After 30-days immersion. All pictures are
merged images of of red, green, and blue fluorescent images. Exposure time in all images was 0.5 s.

was certainly retained, thus confirming the stability of coordination bonds in the HAp–amino acid

complexes in a liquid medium. Fluorescence wavelength was red-shifted in the cases of HAp–Trp

and HAp–Phe complexes due to the dissolution of unreacted amino-acids ligands ( Fig. 3.2B,C,E,F),

which was also reported by previous study[35]. We did not test a simulated body fluid in the assay to

prevent precipitation of amorphous calcium phosphate, which blocked excitation light for the surface

of HAp–amino acid complexes. A HAp fluorescent complex shows precipitation behavior equivalent
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Fig. 3.3 Effects of ligands in HAp–amino acid complexes on toxicity toward MC3T3-E1 osteoblasts.
Osteoblasts were directly cultured on the surface of every sample. Data are presented as the mean ±
standard deviation of triplicate samples (*p < 0.05).

to that of HAp itself [35].

3.3.2 Toxicity of HAp–amino acid complexes toward osteoblasts

Cytotoxicity of HAp–amino acid complexes was evaluated on MC3T3-E1 osteoblasts without light

irradiation (Fig. 3.3). Although ANOVA detected a difference (F-value 2.39 [d f = 14], p = 0.02),

no significantly different pairs were detected by the multiple-comparison test (Holm’s method). This

result is due to the small deviation in plate wells and indicated that cytotoxicity of HAp–amino acid

complexes is equivalent to that of HAp, which is considered enough to promote osteointegration.
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3.3.3 Enhancing effects of HAp–amino acid complexes on antibacterial prop-

erties of gray titania

To confirm the enhancing effect of HAp–amino acid complexes on antibacterial properties, OD600

values were measured. Note that OD values were normalized to initial values [37]. Without com-

plexes, radical generation by gray titania was not enough to reduce the growth rate (Fig. 3.4B). HAp–

amino acid complexes significantly reduced the growth rates according to OD values even in the case

without irradiation (L−), and red LED irradiation (LB+) was the most effective in reducing the growth

rates (OD values) regardless of the type of ligand (Fig. 3.4C-E).

CFUs of E. coli were also assessed after 18 h cultivation to confirm the effects of both factors:

the presence of complexes and types of irradiation. The best pair was a complex with red LED ir-

radiation (C+/LR+): the percentages of control (C−/LR−) were 26.9% ± 0.9% (HAp–Phe complex),

37.3% ±5.6% (HAp–Trp complex), 19.0% ± 3.3% (HAp–Tyr complex) (Fig. 3.5A–C). Such percent-

ages of reduction were consistent with the ones reported for other types of multifunctional coating

[77, 78, 79, 40, 80, 81], though the antibacterial property was not stronger than the one of conventional

Ag ions and other materials[17, 68]. Two-factor ANOVA revealed that the factor of the presence of

complexes had a significant effect, regardless of the type of LED irradiation (Fig. 3.5D-F). HAp com-

plex cannot produce any antibacterial agent such as radicals by itself [37]. Therefore, the enhancing

effect of HAp–amino acid complexes on antibacterial properties of gray titania was indispensable to

achieve sufficiently strong antibacterial properties using a visible-light–sensitive photocatalyst.
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Fig. 3.4 Changes in OD values of an E. coli suspension under the influence of irradiation with LEDs. (A)
HAp coating. (B) HAp–gray titania coating. (C) HAp–Phe complex/gray titania coating. (D) HAp–Try
complex/gray titania coating. (E) HAp–Tyr complex/gray titania coating. The types of LED irradiation
L−, LB+, LG+, LR+ are no irradiation, blue LED irradiation, green LED irradiation, and red LED irradiation,
respectively. Data are presented as the mean ± standard deviation of triplicate samples (*p < 0.05)

3.3.4 The effect of light irradiation on the surface potential of HAp–amino

acid complexes

Although only LED irradiation of gray titania produced free radicals as antibacterial agents, in some

cases effects of LED (L+) on antibacterial property were not significant probably due to the reduced
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Fig. 3.5 Enhancing effects of HAp–amino acid complexes on antibacterial action of gray titania under
irradiation with blue, green, or red LEDs. (A–C) Changes in CFUs. (D–F) Percentage of control (C−/L−)
for both factors: the presence of a complex and laser irradiation. Data are presented as the mean ± standard
deviation of triplicate samples (*p < 0.05)

effect of HAp as cell catcher (Fig. 3.4). We then hypothesized that LED irradiation reduces cell

adhesion performance of a HAp coating. To test the hypothesis, surface potentials of HAp and HAp–

amino acid complexes were examined by KFM. LED irradiation reduced the surface potential of HAp

though that of HAp–amino acid complexes was not changed (Fig. 3.6A and B). The surface potentials

of HAp–amino acid complexes were dependent on the type of ligand (Fig. 3.6C) and its order of

magnitude seemed to negatively correlate with the percentage reduction in CFUs ( Fig. 3.4A–C).

LED irradiation significantly reduced the surface potential of HAp, and HAp–amino acid complexes

inhibited such a reduction (Fig. 3.6D). Red LED was not suitable for the KFM analysis because

it disturbed manipulation of the cantilever using the same wavelength. We also measured surface

temperature by infrared (IR) thermography during LED irradiation both in the case of CFU evaluation
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Fig. 3.6 The preserving effect of HAp–amino acid complex on the surface potential during irradiation with
a LED. (A) Surface potential distributions of CIPed HAp. (B) Surface potential distributions of the CIPed
HAp–Phe complex. (C) Surface potentials in the presence of different types of ligands. (D) Changes in
surface potential during irradiation with LEDs. Types of LED irradiation L−, LB+, LG+ are no irradiation,
blue LED irradiation, and green LED irradiation, respectively. Data are presented as the mean ± standard
deviation of triplicate samples (*p < 0.05)

and KFM, and no significant changes in temperature were observed. Consequently, HAp–amino acid

complexes maintained the cell adhesion performance of HAp during irradiation, which enhanced the

antibacterial properties of gray titania induced by LED irradiation.
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3.4 Discussions

In this study, a CIP method for fabricating fluorescent complexes between HAp and an amino acid

was successfully developed. The fluorescent complexes of HAp with one of amino acids were insol-

uble in vitro even after a long incubation (Fig. 3.2). The HAp/ Phe complex after immersion showed

red-shifted fluorescence, which exhibited the effect of CIP pressure on promoting molecular orienta-

tion of amino acid ligand and accompanying change in the fluorescent property. The red-shift fluores-

cence is attributed to an arrangement of Phe molecules onto the surface of HAp coating[97], and CIP

process can exclusively promote such an arrangement. Furthermore, the HAp–amino acid complexes

were nontoxic to mouse osteoblastlike cells (Fig. 3.3): a favorable feature for multifunctional coating

layers. The HAp–amino acid complexes successfully enhanced light-induced antibacterial properties

of gray titania under visible light (Fig. 3.4). Although the strong fluorescence of the HAp–Trp com-

plex (Fig. 3.2E–H) significantly amplified the antibacterial effect of gray titania (Fig. 3.5B and E),

such an enhancing effect was usually significant regardless of the type of ligand (Fig. 3.5). We also

observed changes in the surface potential of HAp coatings, which is one of critical factors in the reg-

ulation of cell adhesion behavior. HAp–amino acid complexes increased absolute values of surface

potential and preserved the potential even under light irradiation (Fig. 3.6).

The enhancement mechanism is illustrated in Fig. 3.7. Band gap energy of HAp (5.0 eV [98]) is

too high to be excited by visible light, and HAp can absorb only thermal energy of light, which can

promote recombination of polarized pairs on its surface (Fig. 3.7A). A relation between light intensity

and amplitude of an electric field of light is determined by the following equations (3.1,3.2) of Beer’s
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law [99]:

E(t) = E0 cos(ωt) · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3.1)

|E0| =
√

ILED

ε0nc
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3.2)

where ω is angular frequency of light, ILED is irradiance of light [mW/cm2], with permittivity of

vacuum ε0 = 8.854×10−12 F/m, refractive index n, and speed of light c = 2.998×108 m/s. Reflectance

of light is then calculated via the equation (3.3),

R⊥ =
(1 − n)2 − k2

(1 − n)2 + k2 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3.3)

where k is the extinction coefficient. Dielectric loss by the electric field is then calculated using the

equation (3.4) [100],

∆Eele =
1
2
ε0ε1ω|E0|2 tan δ · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3.4)

where ε1 = n2 − k2, ε2 = 2nk, and tan δ = ε2
ε1

. If we consider recombination of polarized pairs

by dielectric loss, then a reduction in electric potential can be calculated by means of the following

equations (3.5,3.6):
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(1 − R⊥)∆Eeletird =
1
2

C(∆V)2 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3.5)

C =
ε1S
d
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3.6)

where tird is irradiation time (s), S is examined sample area 1 (cm2), and distance of recombina-

tion d is assumed to be 75 and 50 nm, respectively. n = 1.65 and k = 0.000847 were determined

from experimental values by Bento et. al. [101]. The calculated result of equations (3.2, 3.5) is in

good agreement with the observed change in surface potential (Figs. 3.6C and 3.7B). Though the

values of surface potential were so sensitive on surface morphology and insulation conditions of the

samples[102], the magnitude of the changes were not matched in different samples (Figs. 3.6C and

3.7B). Weakened surface potential could detach bacteria from the surface, thereby leading to deterio-

ration of antibacterial effectiveness. On the other hand, the amino acid complex has lower band gap

energy [103, 104] and can emit fluorescence (Fig. 3.7A). Consequently, fluorescence can preserve the

surface potential of the amino acid complex and then bacteria can strongly adhere to its surface. Such

bound bacteria are subjected to higher concentrations of radicals and are effectively killed (Fig. 3.7C).

Our finding first and foremost points out the importance of electric properties of HAp as a dielectric

for antibacterial action.

A conventional multifunctional coating involving antibacterial agents has difficulty in regulating

its antibacterial performance owing to uncontrollable solubility. The use of UV light can regulate the

antibacterial action by adjusting irradiance, but UV itself also affects the surrounding tissues. The

newly developed coating composed of HAp–amino acid complexes with titania can be activated by

visible light, which leads to be a new type of multifunctional coating controllable in vivo. The newly

78



3.5. CONCLUSION 79

developed coating made of HAp complexes with titania can be applied to enhance cell adhesion or

detachment via appropriate selection of laser types and irradiance. Recently light-activated antibac-

terial effects of nanofiber or nanofibrous membranes, which were made of organic molecules based

on benzophenones or polyphenols, were reported [82, 83, 84]. This study used inorganic material as

photocatalyst. Combination of such organic photosensitizers with the proposed HAp complexes can

provide different types of multifunctional coating.

The limitation is that the newly developed coating made of HAp complexes with titania was not

optimized regarding its composition, and irradiation duration is still long when considering practical

applications. Effects of irradiance and optimization of the mixing ratio of HAp with titania should

be discussed further. The detailed observation of a mechanical interaction between the surface of

HAp complexes and bacteria or mammalian cells can provide more quantitative data on interface

mechanics, which should also be considered in further studies. Though radicals formed by light-

irradiation to photocatalyst can commonly provide antibacterial effects on specific types of bacteria

relating to dental or surgical implants[24, 10, 43, 44], further studies are also necessary to observe the

variation in antibacterial property of proposed HAp–amino acid complex with gray titania coating.

HAp–amino acid complex can be retained in liquid environments, however, durability of antibacterial

effects should be discussed further.

3.5 Conclusion

The aim of this study is to develop HAp–Amino acid fluorescent complexes with gray titania pho-

tocatalyst coating focuses on biocompatibility and antibaterial propety by visible light irradiation
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for dental implant. A CIP process successfully fabricated complexes of HAp with each of several

amino acids as a fluorescent coating that is biocompatible and stable for use in human fluids in vivo.

The HAp–amino acid complexes were retained in a liquid environment, and had no cytotoxicity to

MC3T3-E1 osteoblast. Antibacterial testing against E. coli indicated a reduction in CFUs by an ex-
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isting the HAp–amino acid complexes after visible-light irradiation. KFM measurement revealed

that the surface potential of HAp–amino acid complex was maintained during light irradiation due to

emission of fluorescence, which could suppress detachment of bacteria. Enhancement of antibacterial

testing is from surface potential of HAp–Amino acid fluorescent complex coating keeps holding cell

on to surface while applying light irradiation regardless to surface profile and wettability. The newly

developed coating made of HAp complexes with titania can be applied to one of multifunctional

coating.
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Chapter 4 Conclusion

4.1 General conclusion

The aim of this study is to develop HAp-Amino acid fluorescent complexes with gray titania pho-

tocatalyst coating focuses on biocompatibility and antibaterial propety by visible light irradiation

for dental implant. The results are concluded as following; CIP process successfully fabricated

the HAp – amino acid fluorescent complexes and their fluorescence intensity was increase by in-

creasing the pressure during fabrication. Though the thickness of amino acid layer was saturated in

higher pressure cases, the concentration of amino acid proportionally increased by the higher pres-

sure, which suggest the packed structure of ligands in the HAp- amino acid complexes. Polarized

raman spectroscopy measurement clearly detected the normally arraigned ligands to the HAp laryer

in highly pressurized conditions, which can provide highly packed ligand structure in HAp- amino

acid complexes. Highly packed ligand structure in HAp- amino acid complexes could emit stronger

fluorescence by increased density of the complexes. The newly found pressure dependency in optical

property of HAp-amino acid complexes is beneficial to develop biocompatible fluorescent materials

or enhancement agent of antibacterial coating layers.

1. CIP process success fabricated the complex of HAp with amino acid fluorescent coating which

it is biocompatible and sustainable for using in human fluid body.

2. SBF immersion testing demonstrated non dissolving from fluorescent complex coating, the
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remaining of fluorescnce was observed after immersion 2 months later.

3. Cytotoxicity revealed no significant reduction of MC3T3-E1 osteoblast cell proliferation and

cell activity for all types of HAp-Amino acid fluorescent complex coatings. Biocompatibility

is obtained because of cytotoxicity level reduces.

4. HAp-Amino acid fluorescent complex ligands enhances antibacterial property. Antibacterial

testing against to E.Coli demonstrated redution of colony forming unit in existing complex

ligands after visible light irradiation.

5. Enhancement of antibacterial testing is from surface potential of HAp-Amino acid fluorescent

complex coating keeps holding cell on to surface while applying light irradiation regardless to

surface profile and wettability.

6. Antibacterial property was enhanced by Amino acid complex of HAp coating preserve the

surface potential which it allows cell adhere strongly on coating surface where it leads itself

expose to higher concentration of oxygen radical.

4.2 Future work

In our result has been investigated and discussed about the antibacterial fluorescent complex of

HAp – amino acid coating and its effective fabrication for dental implant. Though we success in

fabrication of fluorescent complex of HAp – amino acid coating by cold isostatic pressing and its

fluorescent properties were discussed to be depending on the pressurization, there is still remain of

controlling stability of fluorescent complex during fabrication aiming to increase fluorescent complex
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efficiency. Moreover, the visible light irradiation enhancing the antibacterial properties of fluorescent

complex of HAp – amino acid with gray titania coating was discussed based on the surface potential

and its surface property. The further investigation is suggested as following;

1. In order to adjust the controllable of mechanocromic forming of fluorescence, the molecule

structure of fluorescent ligands should be investigated. The dependency of pressurization may

be effected by poly – amino acid molecule structure.

2. The outer layer of non reacted fluorescent complex and its light absorption in solid structure

effect on the lower quantum yield in fluorescent property. It is necessary to discuss how to

prevent the existing unreacted outer layer of its fluorescent complex HAp – amino acid that

possible to reduce the fluorescent intensity.

3. The immersion testing and its temperature effect should be investigated to further optimization

for applicable and compatible.

4. The developed HAp – amino acid with gray titania coating can be activated by visible light

irradiation enhancing antibacterial property is still not applicable. Because of its irradiation is

too long to be applied practically.

5. Effects of power intensity should be considered relative to the composite ration of HAp and grey

titania coating. These two factor should be optimized and discuss the antibacterial performance.

6. The interaction between cell adhesion and fluorescent complex HAp – amino acid should be

provided more discussion about mechanical interfacial strength and its cyto – compatibility.
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