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Background & Objective
Bio-inert CompoundBio-inert Compound Bio-active CompoundBio-active CompoundCombinationCombination

: Ti Alloy Stainless Steel: Ti Alloy Stainless Steel : Hydroxyapatite TiO CaTiO: Hydroxyapatite TiO CaTiO

High / Slow                                                          Low (Brittle)  / RapidHigh / Slow                                                          Low (Brittle)  / Rapidstrength / healing ratestrength / healing rate

: Ti Alloy, Stainless Steel, ....: Ti Alloy, Stainless Steel, .... : Hydroxyapatite, TiO2, CaTiO3,...: Hydroxyapatite, TiO2, CaTiO3,...

Bio-active Compound Coating on Metallic ImplantsBio-active Compound Coating on Metallic Implants

Coating ProcessCoating Process Many methods were proposed 
to form the Bio-active Compound Coating

HApHAp

Anodizing in Aqueous SolutionAnodizing in Aqueous Solution

Thermal Substrate MethodThermal Substrate Method Plasma Spray, Sol-Gel, .....Plasma Spray, Sol-Gel, .....

High Temperature OxidationHigh Temperature OxidationTiO2TiO2

Hydro-processHydro-process (including) Pyro-process(including) Pyro-process

Anodizing in Aqueous SolutionAnodizing in Aqueous Solution
Immersion in Oxidizing SolutionImmersion in Oxidizing Solution

High Temperature OxidationHigh Temperature Oxidation
(Sinter)(Sinter)

Hydro-processHydro-process (including) Pyro-process(including) Pyro-process

Influence on the osteoconductivity of Coating ProcessInfluence on the osteoconductivity of Coating Process?
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Coating

Influence on the osteoconductivity of Coating ProcessInfluence on the osteoconductivity of Coating Process? y gy g?

Hydro-processHydro-process (including) Pyro-process(including) Pyro-process

HApHAp Thermal Substrate MethodThermal Substrate Method Plasma Spray, Sol-Gel, .....Plasma Spray, Sol-Gel, .....

HAp CO Ap CO Ap/CaCO HAp/collagen HAp/gelatinHAp CO Ap CO Ap/CaCO HAp/collagen HAp/gelatinHAp, CO3Ap, CO3Ap/CaCO3, HAp/collagen, HAp/gelatinHAp, CO3Ap, CO3Ap/CaCO3, HAp/collagen, HAp/gelatin
surface morphologysurface morphology
coexistence of CaCO collagen or gelatincoexistence of CaCO collagen or gelatin
CO3 contentCO3 content collagen contentcollagen content gelatin contentgelatin content
coexistence of CaCO3, collagen or gelatincoexistence of CaCO3, collagen or gelatin

TiO2TiO2
Anodizing in Aqueous SolutionAnodizing in Aqueous Solution
Immersion in Oxidizing SolutionImmersion in Oxidizing Solution

High Temperature OxidationHigh Temperature Oxidation
(Sinter)(Sinter)
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HAp Coating Theory

An alternating current passesAn alternating current passes

【 Thermal Substrate Method 】【 Thermal Substrate Method 】 【 HAp precipitation】【 HAp precipitation】
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-56-56 KSP = [Ca2+]5[PO4
3-]3[OH-]

-58-58

-56-56 KSP = [Ca2+]5[PO4
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An alternating current passes
through a metallic sample 

immersed in an aqueous solution.

An alternating current passes
through a metallic sample 

immersed in an aqueous solution.
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SubstrateSubstrate
Temp. / ℃Temp. / ℃Temp. / ℃Temp. / ℃

A Metallic sample in theA Metallic sample in the h l bili f dh l bili f dA Metallic sample in the
aqueous solution heats up 

by Joule heating.

A Metallic sample in the
aqueous solution heats up 

by Joule heating.

The solubility of HAp decreases
with increasing temperature.

The solubility of HAp decreases
with increasing temperature.

Combining “thermal substrate method” with HAp property 
can provide with the HAp coating on the heated substrate.
Combining “thermal substrate method” with HAp property 
can provide with the HAp coating on the heated substrate.
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can provide with the HAp coating on the heated substrate.can provide with the HAp coating on the heated substrate.
K. Kuroda, R. Ichino, M. Okido, O. Takai: J. Biomed. Mater. Res., Vol. 59, No. 2, p. 390-397, (2002)



CaCO3/CO3Ap Coating Theory
【 HAp precipitation】【 HAp precipitation】 【 CaCO3 precipitation】【 CaCO3 precipitation】
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The solubility of HAp & CaCO3 decreases with increasing temperature.The solubility of HAp & CaCO3 decreases with increasing temperature.

【 Thermal Substrate Method 】【 Thermal Substrate Method 】

y p 3 g py p 3 g p

A Metallic sample in the aqueous
l i h b J l h i

A Metallic sample in the aqueous
l i h b J l h i
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solution heats up by Joule heating.solution heats up by Joule heating.

( ) d/( ) d/heating (boil)heating (boil)

Substrate

heating (boil)heating (boil)

SubstrateSubstrate

heating (boil)heating (boil)

Substrate

heating (boil)heating (boil)

SubstrateSubstrate

HAp (CO3Ap) and/or CaCO3
precipitation on heated substrates by 
thermal substrate method.

HAp (CO3Ap) and/or CaCO3
precipitation on heated substrates by 
thermal substrate method.
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Experimental
ApparatusApparatusConditionCondition

Ti plate (0.3 t mm) for in vitro
Ti d
Ti plate (0.3 t mm) for in vitro
Ti d

【Substrate】【Substrate】
Ti rod (2x5mm) for in vivo

(polished in SiC (#400)) 
Ti rod (2x5mm) for in vivo

(polished in SiC (#400)) 【Solution】【Solution】
0 7 mM CaCl20 7 mM CaCl20.7 mM CaCl2
0.3 mM Ca(H2PO4)2
pH 6~9 (adjusted by NaOH)

0 20 CO f CO

0.7 mM CaCl2
0.3 mM Ca(H2PO4)2
pH 6~9 (adjusted by NaOH)

0 20 CO f CO0.5~20 mM NaHCO3 for CO3Ap,
CaCO3/CO3Ap

30~432 mg L-1 Collagen (Type I)

0.5~20 mM NaHCO3 for CO3Ap,
CaCO3/CO3Ap

30~432 mg L-1 Collagen (Type I)

【Temp. (Substrate)】 40~150 oC【Temp. (Substrate)】 40~150 oC

30~432 mg L 1 Collagen (Type I)

for HAp/Col.
30~432 mg L 1 Collagen (Type I)

for HAp/Col.

【Time】 15~30 min.

1 M ethanol addition & ultrasonic wave
( )

【Time】 15~30 min.

1 M ethanol addition & ultrasonic wave
( )

EvaluationEvaluation
SEM-EDX XRD FT-IRSEM-EDX XRD FT-IR

(at 40, 60 oC)(at 40, 60 oC)
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Effect of pH  (for HAp Coating)
pH 7

0.7mM CaCl2 ,  0.3mM Ca(H2PO4)2

heating time 20 min
0.7mM CaCl2 ,  0.3mM Ca(H2PO4)2

heating time 20 minheating time 20 min. 
Temp. 150 oC
pH: adjusted by NaOHaq

heating time 20 min. 
Temp. 150 oC
pH: adjusted by NaOHaq

pH 8

pH:   adjusted by NaOHaqpH:   adjusted by NaOHaq

Needle-like HAp wasNeedle-like HAp wasNeedle-like HAp was
formed in the high pH
range.

Needle-like HAp was
formed in the high pH
range.

pH 6

range.range.

pH 9p pH 9

10 m10 m
0 5 m10 m
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0.5 m10 m
K. Kuroda, R. Ichino, M. Okido, O. Takai: J. Biomed. Mater. Res., Vol. 61, No. 3, p. 354-359, (2002)



Effect of Temp.  (for HAp Coating)
0.7mM CaCl2, 0.3mM Ca(H2PO4)2, pH 8, 15 min.
(40 oC & 60 oC: 1M EtOH, ultrasonic wave(100kHz), 30 min.)  
0.7mM CaCl2, 0.3mM Ca(H2PO4)2, pH 8, 15 min.
(40 oC & 60 oC: 1M EtOH, ultrasonic wave(100kHz), 30 min.)  

40 oC 60 oC 40 oC40 oC
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The surface morphology of HAp strongly depended on coating
temperature; low temp. coating (40 oC) net-like HAp, high
temp. (140 oC) needle-like, and mid temp. (60 oC) plate-like .

The surface morphology of HAp strongly depended on coating
temperature; low temp. coating (40 oC) net-like HAp, high
temp. (140 oC) needle-like, and mid temp. (60 oC) plate-like .
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p ( ) , p ( ) pp ( ) , p ( ) p
K. Kuroda, S. Nakamoto, Y. Miyashita, R. Ichino, M. Okido: Mater. Trans., Vol. 47, No. 5, p. 1931-1934,(2006)



Before in vitro & in vivo Evaluation
40 oC40 oC 60 oC60 oC 140 oC140 oC

0.7mM CaCl2
0 3mM Ca(H PO )
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Direct exposure to the high temperature steam in theDirect exposure to the high temperature steam in thep g p
sterilizer caused NO changes in the surface morphologies.
Therefore, after the sterilization, all the coated specimens
were subjected to in vitro & in vivo testing

p g p
sterilizer caused NO changes in the surface morphologies.
Therefore, after the sterilization, all the coated specimens
were subjected to in vitro & in vivo testing
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were subjected to in vitro & in vivo testing.were subjected to in vitro & in vivo testing.
K. Kuroda, S. Nakamoto, Y. Miyashita, R. Ichino, M. Okido: Mater. Trans., Vol. 47, No. 5, p. 1931-1934,(2006)



CO3Ap/CaCO3 Coating 0.3 mM Ca(H2PO4), 0.7 mM CaCl2,,pH 8
(40 oC, 60 oC: 1 M ethanol addition, UW(100 kHz))
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NaHCO3 content in solution / mMNaHCO3 content in solution / mM
K. Kuroda, M. Moriyama, R. Ichino, M. Okido, A. Seki: Mater. Trans., Vol. 49, No. 6, p. 1434-1440, (2008)



CO3Ap/CaCO3 Coating 0.3 mM Ca(H2PO4), 0.7 mM CaCl2, pH 8 
140 oC, 15 min.
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0.5 mM0.5 mM NaHCO3 content in solution / mMNaHCO3 content in solution / mM
K. Kuroda, M. Moriyama, R. Ichino, M. Okido, A. Seki: Mater. Trans., Vol. 49, No. 6, p. 1434-1440, (2008)



After Autoclaving (CaCO3/CO3Ap Coating)
CO3Ap coating： 0.3 mM Ca(H2PO4), 0.7 mM CaCl2, pH 8, 140 oC, 15 min.
autoclaving: 121 oC, 15 min.
CO3Ap coating： 0.3 mM Ca(H2PO4), 0.7 mM CaCl2, pH 8, 140 oC, 15 min.
autoclaving: 121 oC, 15 min.
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CaCO3 disappeared, CO3Ap (type B) remained.
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CO3 content in coating was less than 5 mass%CO3 content in coating was less than 5 mass%autoclaving,autoclaving,
K. Kuroda, M. Moriyama, R. Ichino, M. Okido, A. Seki: Mater. Trans., Vol. 49, No. 6, p. 1434-1440, (2008)



HAp/col. Coating 0.3 mM Ca(H2PO4), 0.7 mM CaCl2, pH 8 
40~140 oC, collagen 30~432 mg L-1
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K. Kuroda, M. Moriyama, R. Ichino, M. Okido, A. Seki: Mater. Trans., Vol. 50, No. 5, p. 1190-1195, (2009)



Porous Surface
The objective of using beads sintered substrate is to fix
implanted biomaterials on bone by inducing natural bone.

3D porous surface
(Ti 6Al 4V)

3D porous surface
(Ti 6Al 4V)

Plasma spray coating
on 3D porous surface

Plasma spray coating
on 3D porous surfaceP f R M Pilli (U i T t CA)P f R M Pilli (U i T t CA)

Tooth Root (Ti-6Al-4V)Tooth Root (Ti-6Al-4V)

2mm2mm100m100m 100m100m

(Ti-6Al-4V)(Ti-6Al-4V) on 3D porous surfaceon 3D porous surfaceProf. R. M. Pilliar (Univ. Toronto, CA)Prof. R. M. Pilliar (Univ. Toronto, CA)

Plasma spray method can not maintain porous surface.Plasma spray method can not maintain porous surface.
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Plasma spray method can not maintain porous surface.Plasma spray method can not maintain porous surface.



Can I coat HAp on Beads sintered Substrate?
0.3 mM Ca(H2PO4)2, 0.7 mM CaCl20.3 mM Ca(H2PO4)2, 0.7 mM CaCl2【Thermal substrate method】【Thermal substrate method】
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Can I coat HAp on Beads sintered Substrate?

initialinitial 300 s300 s 900 s900 s

0.3 mM Ca(H2PO4)2, 0.7 mM CaCl20.3 mM Ca(H2PO4)2, 0.7 mM CaCl2【Thermal substrate method】【Thermal substrate method】
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HAp precipitated also on the bottom of beads and the substrate.HAp precipitated also on the bottom of beads and the substrate.
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HAp precipitated also on the bottom of beads and the substrate.HAp precipitated also on the bottom of beads and the substrate.



Coating

Influence on the osteoconductivity of Coating ProcessInfluence on the osteoconductivity of Coating Process? y gy g?

Hydro-processHydro-process (including) Pyro-process(including) Pyro-process

HApHAp Thermal Substrate MethodThermal Substrate Method Plasma Spray, Sol-Gel, .....Plasma Spray, Sol-Gel, .....

TiO2TiO2
Anodizing in Aqueous SolutionAnodizing in Aqueous Solution
Immersion in Oxidizing SolutionImmersion in Oxidizing Solution

High Temperature OxidationHigh Temperature Oxidation
(Sinter)(Sinter)

anatase, rutile, (TiO)anatase, rutile, (TiO)
surface morphology (surface roughness)surface morphology (surface roughness)
existence of anion and/or cation in coatingexistence of anion and/or cation in coating
crystallinitycrystallinity
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Titania coating process
● Anodizing in Aqueous Solution ● High Temperature Oxidation
● Immersion in Oxidizing Solution
● Anodizing in Aqueous Solution ● High Temperature Oxidation
● Immersion in Oxidizing Solution

Anodizing in Aqueous SolutionAnodizing in Aqueous Solution Anodic electrolysis of Ti in aqueous solutionAnodic electrolysis of Ti in aqueous solution

overall reaction: Ti + 2H2O → TiO2 + 4H+ + 4e-overall reaction: Ti + 2H2O → TiO2 + 4H+ + 4e-

less than sparking E: anatase，more than: anatase+rutileless than sparking E: anatase，more than: anatase+rutile

High Temperature OxidationHigh Temperature Oxidation Heating of Ti in gas phaseHeating of Ti in gas phase

Ti + O2 → TiO2 （Ti + 1/2O2 → TiO）Ti + O2 → TiO2 （Ti + 1/2O2 → TiO） anatase→rutile ：915 oC
brockite→rutile ：650 oC
anatase→rutile ：915 oC
brockite→rutile ：650 oC

I i i O idi i S l iI i i O idi i S l i

low temperature heating (400 oC): rutile (Anatase is not obtained.)low temperature heating (400 oC): rutile (Anatase is not obtained.)

Immersion of Ti in the oxidizing acid solutionImmersion of Ti in the oxidizing acid solutionImmersion in Oxidizing SolutionImmersion in Oxidizing Solution Immersion of Ti in the oxidizing acid solution 
containing H2O2 (more than 60 oC).
Immersion of Ti in the oxidizing acid solution 
containing H2O2 (more than 60 oC).

low crystallinity anatase (hydrous gel)low crystallinity anatase (hydrous gel)
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low crystallinity anatase (hydrous gel)low crystallinity anatase (hydrous gel)



Surface Roughness controlling

li hili hi

Surface treatment (polishing)Surface treatment (polishing)
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one-way polishing
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0.05 m Al2O3 powder (buff)

one-way polishing
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→ control of surface roughness
(Ra=0 05~1 20 m)

→ control of surface roughness
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Ra=0.525 mRa=0.525 m#220#220Laser Microscope (non-contact)

Surface Roughness
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Titania coating process

buff polishingbuff polishing anodizinganodizing SEM  XRD  SEM  XRD  

Ti substrate TiO2 coating evaluationautoclaving
（121oC 20min.）
autoclaving

（121oC 20min.）

p g
（0.05 m Al2O3）

acetone rinsing

p g
（0.05 m Al2O3）

acetone rinsing

g
Oxidation
Anodizing+Oxidation
Oxidizing sol immersion

g
Oxidation
Anodizing+Oxidation
Oxidizing sol immersion

Ra
Contact Angle
Rest potential

Ra
Contact Angle
Rest potentialOxidizing sol. immersionOxidizing sol. immersion Rest potential
Albumin Adsorption
Rest potential
Albumin Adsorption

anodizinganodizing OxidationOxidation

solution （200mL）: H3PO4 （~11 M）

H2SO4
NaOH

solution （200mL）: H3PO4 （~11 M）

H2SO4
NaOH

400 oC: 2 h （in Air）
cooling in furnace
400 oC: 2 h （in Air）
cooling in furnace

a od ga od g

NaOH
electrolysis W.E.: Ti

C.E.: Pt
i l 200 （ ）

NaOH
electrolysis W.E.: Ti

C.E.: Pt
i l 200 （ ） 【Anodizing】【Anodizing】

Anodizing+OxidationAnodizing+Oxidation

potential： ~200 V （0.1 Vs-1）potential： ~200 V （0.1 Vs-1） 【Anodizing】【Anodizing】
solution（200mL）: H3PO4

NaOH
solution（200mL）: H3PO4

NaOHOxidizing sol. immersionOxidizing sol. immersion

solution （10mL）: H2O2 + HNO3
（H2O2 + Ca(NO3)2）

Temp : 80 oC Time: 20 min

solution （10mL）: H2O2 + HNO3
（H2O2 + Ca(NO3)2）

Temp : 80 oC Time: 20 min

400 oC: 2 h （capsule）
cooling in furnace
400 oC: 2 h （capsule）
cooling in furnace

【Oxidation】【Oxidation】
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Temp.: 80 oC Time: ~20 minTemp.: 80 oC Time: ~20 min gg



Titania coating process
● Anodizing in Aqueous Solution ● High Temperature Oxidation
● Immersion in Oxidizing Solution
● Anodizing in Aqueous Solution ● High Temperature Oxidation
● Immersion in Oxidizing Solution

Anodizing in Aqueous SolutionAnodizing in Aqueous Solution Anodic electrolysis of Ti in aqueous solutionAnodic electrolysis of Ti in aqueous solution

overall reaction: Ti + 2H2O → TiO2 + 4H+ + 4e-overall reaction: Ti + 2H2O → TiO2 + 4H+ + 4e-

less than sparking E: anatase more than: anatase+rutileless than sparking E: anatase more than: anatase+rutileless than sparking E: anatase，more than: anatase+rutileless than sparking E: anatase，more than: anatase+rutile

High Temperature OxidationHigh Temperature Oxidation Heating of Ti in gas phaseHeating of Ti in gas phase

Ti + O2 → TiO2 （Ti + 1/2O2 → TiO）Ti + O2 → TiO2 （Ti + 1/2O2 → TiO） anatase→rutile ：915 oC
brockite→rutile ：650 oC
anatase→rutile ：915 oC
brockite→rutile ：650 oC

g g pg g p

Immersion in Oxidizing SolutionImmersion in Oxidizing Solution

low temperature heating (400 oC): rutile (Anatase is not obtained.)low temperature heating (400 oC): rutile (Anatase is not obtained.)

Immersion of Ti in the oxidizing acid solution Immersion of Ti in the oxidizing acid solution Immersion in Oxidizing SolutionImmersion in Oxidizing Solution g
containing H2O2 (more than 60 oC).

g
containing H2O2 (more than 60 oC).

low crystallinity anatase (hydrous gel)low crystallinity anatase (hydrous gel)
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low crystallinity anatase (hydrous gel)low crystallinity anatase (hydrous gel)



Anodizing

coolant

ApparatusApparatusConditionCondition

【substrate】【substrate】 cp Ti (JIS grade 3)cp Ti (JIS grade 3) CE WE

coolant

W.E. ： plate (1.13 cm2) （for in vitro）
rod (2×5 mm) （for in vivo）

(Ra 0.05~1.20 m）

W.E. ： plate (1.13 cm2) （for in vitro）
rod (2×5 mm) （for in vivo）

(Ra 0.05~1.20 m）(  ）

C.E. ： Pt coil

(  ）

C.E. ： Pt coil

【solution】【solution】【solution】【solution】
H2SO4 0.1 M，1 M
H3PO4 0.1~11 M
N OH 0 1 M

H2SO4 0.1 M，1 M
H3PO4 0.1~11 M
N OH 0 1 M 200 L 298 K （ ）200 L 298 K （ ）

【electrolysis】【electrolysis】

NaOH 0.1 MNaOH 0.1 M 200 mL ，298 K （water bath）200 mL ，298 K （water bath）

EvaluationEvaluation
potential： ~200 V
scan rate： 0.1 V s-1
potential： ~200 V
scan rate： 0.1 V s-1

XRD，XPS
SEM
Laser Microscope

XRD，XPS
SEM
Laser Microscope
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Laser MicroscopeLaser Microscope



Anodizing
m

-2
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-2 100100

conc.: 0.1 M ,  scan rate: 0.1 V s-1, polished: #400,  bath temp.: 298K
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Anodizing voltage E / VAnodizing voltage E / V
100100 200200

Anodizing voltage, E / VAnodizing voltage, E / V

Ti #400 as polishedTi #400 as polished

Single phase anatase films were obtained Initial Ra was maintainedSingle phase anatase films were obtained Initial Ra was maintained

10 m10 m 1 m1 mRa=0.225mRa=0.225m TiTi
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Single phase anatase films were obtained.  Initial Ra was maintained.Single phase anatase films were obtained.  Initial Ra was maintained.



Anodizing

Anatase & Rutile mixed films were obtained at > sparking E.  Anatase & Rutile mixed films were obtained at > sparking E.  
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p g
And then initial Ra was not maintained.

p g
And then initial Ra was not maintained.



XRD, XPS （after autoclaving）

0.1M H2SO4
100V

0.1M H3PO4
100V

0.1M NaOH
80V

【XPS】【XPS】
H2SO4H2SO4 S 2pS 2pP 2pP 2pH3PO4H3PO4 NaOHNaOH Na 1sNa 1s

5mm5mm 165165170170175175130130135135140140 106510651070107010751075

【XRD】【XRD】
anataseanatase rutilerutile

165165170170175175
Binding energy, Eb / eV (AlK)Binding energy, Eb / eV (AlK)
130130135135140140 106510651070107010751075
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Anatase films had anion and cation contained the aqueous solution for anodizingAnatase films had anion and cation contained the aqueous solution for anodizing
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Anatase films had anion and cation contained the aqueous solution for anodizing.Anatase films had anion and cation contained the aqueous solution for anodizing.



Titania coating process
● Anodizing in Aqueous Solution ● High Temperature Oxidation
● Immersion in Oxidizing Solution
● Anodizing in Aqueous Solution ● High Temperature Oxidation
● Immersion in Oxidizing Solution

Anodizing in Aqueous SolutionAnodizing in Aqueous Solution Anodic electrolysis of Ti in aqueous solutionAnodic electrolysis of Ti in aqueous solution

gg

overall reaction: Ti + 2H2O → TiO2 + 4H+ + 4e-overall reaction: Ti + 2H2O → TiO2 + 4H+ + 4e-

less than sparking E: anatase more than: anatase+rutileless than sparking E: anatase more than: anatase+rutileless than sparking E: anatase，more than: anatase+rutileless than sparking E: anatase，more than: anatase+rutile

High Temperature OxidationHigh Temperature Oxidation Heating of Ti in gas phaseHeating of Ti in gas phase

Ti + O2 → TiO2 （Ti + 1/2O2 → TiO）Ti + O2 → TiO2 （Ti + 1/2O2 → TiO） anatase→rutile ：915 oC
brockite→rutile ：650 oC
anatase→rutile ：915 oC
brockite→rutile ：650 oC

low temperature heating (400 oC): rutile (Anatase is not obtained.)low temperature heating (400 oC): rutile (Anatase is not obtained.)

Immersion of Ti in the oxidizing acid solutionImmersion of Ti in the oxidizing acid solutionImmersion in Oxidizing SolutionImmersion in Oxidizing Solution Immersion of Ti in the oxidizing acid solution 
containing H2O2 (more than 60 oC).
Immersion of Ti in the oxidizing acid solution 
containing H2O2 (more than 60 oC).

low crystallinity anatase (hydrous gel)low crystallinity anatase (hydrous gel)
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low crystallinity anatase (hydrous gel)low crystallinity anatase (hydrous gel)



High Temp. Oxidation
Temp.: 673~1373 K    4 K min.-1

(2h holding, cooling in furnace)
Ar-5%H Atmosphere (200 ml min -1)

Temp.: 673~1373 K    4 K min.-1

(2h holding, cooling in furnace)
Ar-5%H Atmosphere (200 ml min -1)Ar-5%H2 Atmosphere  (200 ml min. 1)Ar-5%H2 Atmosphere  (200 ml min. 1)

tt tiltil TiOTiO TiTi
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anataseanatase rutilerutile TiOTiO TiTi



XRD, XPS （after autoclaving）

0.1M H2SO4
100V

0.1M H3PO4
100V

0.1M NaOH
80V 【XPS】【XPS】

H2SO4H2SO4 S 2pS 2pP 2pP 2pH3PO4H3PO4 NaOHNaOH Na 1sNa 1sH2SO4H2SO4 S 2pS 2pH2SO4H2SO4 S 2pS 2pP 2pP 2pH3PO4H3PO4 P 2pP 2pH3PO4H3PO4 NaOHNaOH Na 1sNa 1sNaOHNaOH Na 1sNa 1s
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165165170170175175

Binding energy, Eb / eV (AlK)Binding energy, Eb / eV (AlK)
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Two-step process (anodizing + oxidation)
Anodizing → Oxidation （673K，2h）Anodizing → Oxidation （673K，2h）

0.1M H3PO40.1M H3PO4 5mm5mm0.1M NaOH0.1M NaOH

anodizinganodizing

20V20V 30V30V 40V40V 50V50V 60V60V 70V70V 80V80V 50V50V 60V60V 70V70V 80V80V 100V100V

anodizinganodizing

anodizinganodizing

20V20V 30V30V 40V40V 50V50V 60V60V 70V70V 80V80V 50V50V 60V60V 70V70V 80V80V 100V100V

anodizing
＋

oxidation

anodizing
＋

oxidation

H3PO4 70VH3PO4 70V rutilerutileanataseanataserutilerutileanataseanataseNaOH 50VNaOH 50V

0.090m0.090m
2424 2525 2626 2727 2828 29292424 2525 2626 2727 2828 2929

Ra=0.098mRa=0.098m
anatase

growing up
anatase

growing up
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Titania coating process
● Anodizing in Aqueous Solution ● High Temperature Oxidation
● Immersion in Oxidizing Solution
● Anodizing in Aqueous Solution ● High Temperature Oxidation
● Immersion in Oxidizing Solution

Anodizing in Aqueous SolutionAnodizing in Aqueous Solution Anodic electrolysis of Ti in aqueous solutionAnodic electrolysis of Ti in aqueous solution

overall reaction: Ti + 2H2O → TiO2 + 4H+ + 4e-overall reaction: Ti + 2H2O → TiO2 + 4H+ + 4e-

less than sparking E: anatase，more than: anatase+rutileless than sparking E: anatase，more than: anatase+rutile

High Temperature OxidationHigh Temperature Oxidation Heating of Ti in gas phaseHeating of Ti in gas phase

Ti + O2 → TiO2 （Ti + 1/2O2 → TiO）Ti + O2 → TiO2 （Ti + 1/2O2 → TiO） anatase→rutile ：915 oC
brockite→rutile ：650 oC
anatase→rutile ：915 oC
brockite→rutile ：650 oC

low temperature heating (400 oC): rutile (Anatase is not obtained )low temperature heating (400 oC): rutile (Anatase is not obtained )

Immersion in Oxidizing SolutionImmersion in Oxidizing Solution

low temperature heating (400 C): rutile (Anatase is not obtained.)low temperature heating (400 C): rutile (Anatase is not obtained.)

Immersion of Ti in the oxidizing acid solution 
t i i H O ( th 60 C)

Immersion of Ti in the oxidizing acid solution 
t i i H O ( th 60 C)

Immersion in Oxidizing SolutionImmersion in Oxidizing Solution
containing H2O2 (more than 60 oC).containing H2O2 (more than 60 oC).

low crystallinity anatase (hydrous gel)low crystallinity anatase (hydrous gel)
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( H dj t t HNO )( H dj t t HNO )

Immersion in oxidizing solution
8.8 M H2O2 + 0.1 M HNO38.8 M H2O2 + 0.1 M HNO3 8.8 M H2O2 + 0.1 M Ca(NO3)28.8 M H2O2 + 0.1 M Ca(NO3)2

5 min.5 min. 10 min.10 min. 20 min.20 min.

solutionsolution

TimeTime 5 min.5 min. 10 min.10 min. 20 min.20 min.

(pH adjustment: HNO3)(pH adjustment: HNO3)

5mm5mm

5 m5 m

5 min.5 min. 10 min.10 min. 20 min.20 min.
photo.photo.

TimeTime 5 min.5 min. 10 min.10 min. 20 min.20 min.

RaRa 0 2650 2650 1860 186 0 1360 1360 1220 1220 1390 1390 0980 098

SEMSEM

RaRa 0.2650.2650.1860.186 0.1360.1360.1220.1220.1390.1390.0980.098

XRDXRD
anataseanatase
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Low crystallinity anatase (hydrous gel) films were obtained.Low crystallinity anatase (hydrous gel) films were obtained.
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The films get crack by drying.The films get crack by drying.



Evaluation for Osteoconductivity
SBF (Simulated Body Fluid) immersion

HAp nucleation and growth can be evaluated by

SBF (Simulated Body Fluid) immersion
HAp nucleation and growth can be evaluated byHAp nucleation and growth can be evaluated by
immersing in the solution simulated inorganic components of
body fluid (such as Kokubo solution, and Hank’s solution)．
（Organic reactions and biological reactions are ignored ）

HAp nucleation and growth can be evaluated by
immersing in the solution simulated inorganic components of
body fluid (such as Kokubo solution, and Hank’s solution)．
（Organic reactions and biological reactions are ignored ）

in vitro
（out of body）
in vitro
（out of body）

（Organic reactions and biological reactions are ignored.）
（The equipment to keep 37oC is necessary.）

Cell culture

（Organic reactions and biological reactions are ignored.）
（The equipment to keep 37oC is necessary.）

Cell culture
Osteoblasts and Osteoclasts are cultured on the samples and
cytotoxicity, division, and differentiation are observed.
（Interactions between cells and body fluid circulation are ignored.）

Osteoblasts and Osteoclasts are cultured on the samples and
cytotoxicity, division, and differentiation are observed.
（Interactions between cells and body fluid circulation are ignored.）（Interactions between cells and body fluid circulation are ignored.）

（CO2 incubator and autoclaving unit are required.）

（Interactions between cells and body fluid circulation are ignored.）

（CO2 incubator and autoclaving unit are required.）

in vivo・・・
（in body）
in vivo・・・
（in body）

Animal experiment （implantation test）
New bone formation, bond strength, etc. are evaluated

Animal experiment （implantation test）
New bone formation, bond strength, etc. are evaluatedNew bone formation, bond strength, etc. are evaluated
after implantation of samples into animals.
（ Different results are obtained depending on used animals and
evaluation methods ）

New bone formation, bond strength, etc. are evaluated
after implantation of samples into animals.
（ Different results are obtained depending on used animals and
evaluation methods ）
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evaluation methods.）evaluation methods.）



in vitro evaluation （SBF immersion） Mater. Trans., 
43(2002), 3015

SBF, which had almost the same inorganic 
composition as human plasma, was used.

SBF, which had almost the same inorganic 
composition as human plasma, was used.

Conditions

H idi 95%Humidity 95%
Temp. 36.5℃
Span 1h ~ 7d

2 222 222

Inorganic ion concentrations of SBF and plasma (mM)

I b tI b t27.0
4.2

HCO3
-

1.5
1.5

Mg2+

5.0
5.0
K+

142.0
142.0
Na+

0.51.0103.02.5plasma

0.51.0148.02.5SBF
SO4

2-HPO4
2-Cl-Ca2+

3
-Mg

5.0
K+

4
2-

4
2--2+

0.3mM Ca(H2PO4)20.3mM Ca(H2PO4)2 0.7mM CaCl20.7mM CaCl2 pH8.0pH8.0 20 min.20 min.150 oC150 oC

IncubatorIncubator27.01.55.0142.0 0.51.0103.02.5plasma

as coated 1d 2d 3d

Bioactivity・Osteoconductivity → Nucleation and Growth of ApBioactivity・Osteoconductivity → Nucleation and Growth of Ap

10m0.5m
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Bioactivity Osteoconductivity Nucleation and Growth of ApBioactivity Osteoconductivity Nucleation and Growth of Ap



in vitro Evaluation （SBF immersion） Mater. Sci.Forum, 
426-432(2003), 3189

HAp crystal Deposition timeConditions

in vitro evaluationHAp coating

7~d5ddddd
T/ oC

PCa
pH DensityLarge-

ness
Mor-

phology

conc. 
/mM

Deposition time

T oC
. 

2 3 4 61

(to cover entire surface)

7~  d5dddd

60

d

906

PCa

L
10

2 3 4 61

601

150
60

6100
6.0 LowLarge

~40m
Plane

m

8.0

601

High
Small
~2m

Needle150

7.0

0.61


9.0
g~2m

HighLargeNeedle
1756.0

610



Deposition time depends not on Conditions but on HAp morphologyDeposition time depends not on Conditions but on HAp morphology

1507.0
High~40m

Needle610
m
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Deposition time depends not on Conditions but on HAp morphology.Deposition time depends not on Conditions but on HAp morphology.



in vitro Evaluation （SBF immersion） Mater. Sci. Forum, 
426-432(2003), 3189

【Plane-like】【Plane-like】 【Needle-like】【Needle-like】

as coated

Edge of HAp

6 h

Plane-like

Edge density Low

Plane-like

Edge density Low

Needle-like

High
Needle-like

HighEdge density Low
HAp density Low
Edge density Low
HAp density Low

g
High

g
High

The factor to influence on time needed 
for nucleation and growth of Ap is….
The factor to influence on time needed 
for nucleation and growth of Ap is….18 h 0.5m

Active nucleation of Ap at HAp edge 

Edge = Ap nucleation cyte

Active nucleation of Ap at HAp edge 

Edge = Ap nucleation cyte

Surface morphology of HAp 
coatings influence on 

deposition rate?
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Edge  Ap nucleation cyteEdge  Ap nucleation cyte deposition rate?



in vitro evaluation (cell culture)
MC3T3-E1  (mouse)MC3T3-E1  (mouse)Osteoblast like cellOsteoblast like cell

【Sample】 (coated with HAp)【Sample】 (coated with HAp)

22

培 養 条 件培 養 条 件

【Culture media】 (1mL)【Culture media】 (1mL)

Experimental (cell culture)Experimental (cell culture)

20mm20mm

2mm2mm cut offcut off【Culture media】 (1mL)
MEM
10 vol％ fetal calf serum

【Culture media】 (1mL)
MEM
10 vol％ fetal calf serum 20mm20mm
100 U mL-1 penicillin G
100 g mL-1 streptomycin

【T 】 37 oC

100 U mL-1 penicillin G
100 g mL-1 streptomycin

【T 】 37 oC

after sterilization in autoclaveafter sterilization in autoclave

initial：
1 105 （ ll ）
initial：
1 105 （ ll ）

12-well dish
(21 )
12-well dish
(21 )

【Temp.】 37 oC
【Atmos.】 Air - 5%CO2

【Period】 1 30 d

【Temp.】 37 oC
【Atmos.】 Air - 5%CO2

【Period】 1 30 d
CO2 incubatorCO2 incubator

1x105 （cells）1x105 （cells） (21 mm)(21 mm)【Period】 1 ~ 30 d【Period】 1 ~ 30 d

SEM observation as-proliferationSEM observation as-proliferation【Evaluation】 SEM observation as proliferation
cell counting releasing by using trypsin/EDTA solution

(using blood cell counting chamber) 
ALP activity p-nitro phosphate (p-NP)

SEM observation as proliferation
cell counting releasing by using trypsin/EDTA solution

(using blood cell counting chamber) 
ALP activity p-nitro phosphate (p-NP)

【Evaluation】
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in vitro evaluation (cell culture)

The surface morphology is considered to be one of the most important factorsThe surface morphology is considered to be one of the most important factorsp gy p
in the cell growth. The order of the effectiveness for the increase in cell
growth rate increased from Ti > net, plate > needle. It is not necessarily that
ALP activity corresponded to the tendency of the cell growth rate.

p gy p
in the cell growth. The order of the effectiveness for the increase in cell
growth rate increased from Ti > net, plate > needle. It is not necessarily that
ALP activity corresponded to the tendency of the cell growth rate.
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ALP activity corresponded to the tendency of the cell growth rate.ALP activity corresponded to the tendency of the cell growth rate.
K. Kuroda, R. Ichino, M. Okido: Mater. Sci. Forum, Vol. 539-543, p. 710-715, (2007)



in vivo evaluation

【T 】 23 oC 【H id 】 55 ± 15 %【T 】 23 oC 【H id 】 55 ± 15 %2 mm2 mm

Implant (coated with HAp)Implant (coated with HAp) ImplantationImplantation

【Temp.】 23 oC   【Humid.】 55 ± 15 %
【Period】 2 ~ 8 weeks
【Temp.】 23 oC   【Humid.】 55 ± 15 %
【Period】 2 ~ 8 weeks5 mm5 mm

2 mm2 mm

SterilizationSterilizationSterilization
in steam autoclave
(121 oC, 20 min.)

Sterilization
in steam autoclave
(121 oC, 20 min.)

RetrievingRetrieving

【Thickness】 20 m【Thickness】 20 m

SD Rat
10-week-old, male
340 400 g

SD Rat
10-week-old, male
340 400 g

Formation of SpecimenFormation of Specimen

【Thickness】 20 m 
【Staining】 toluidine blue
【Thickness】 20 m 
【Staining】 toluidine blue

340-400 g
tibial metaphysis
340-400 g
tibial metaphysis

from new bone formation and tissue 

Evaluation (optical microscope observation)Evaluation (optical microscope observation)

response

Bone-Implant contact ratio, RB IBone-Implant contact ratio, RB I1 cm
Basic 13 Micro-Nano Surface Technology 
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Bone Implant contact ratio, RB-IBone Implant contact ratio, RB-I1 cm



in vivo evaluation

t t l l th f b f ti i l tt t l l th f b f ti i l t

Bone-Implant contact ratio, RB-IBone-Implant contact ratio, RB-I

total length of bone formation on implant
total implant length

total length of bone formation on implant
total implant length

x 100x 100RB-I (%) =RB-I (%) =

Calcification specimenCalcification specimen

sample

cortical
bone
cortical
bone

sample

1 mm1 mm

cancellous
bone
cancellous
bone

sample (HAp coated Ti)0 1

cancellous bonecancellous bone

cortical bonecortical bone
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sample (HAp-coated Ti) 0.1mmcortical bonecortical bone



in vivo evaluation (Hap)
%

)
%

)

2525 cortical bonecortical bone

o,
 R

B
-I

(
o,

 R
B

-I
( In cancellous bone,

needle-like HAp samples
give high osteoconductivity

In cancellous bone,
needle-like HAp samples
give high osteoconductivity

ac
t 

ra
ti

o
ac

t 
ra

ti
o

8080
* *

in early implantation stage.

The effect of needle-like

in early implantation stage.

The effect of needle-like

cancellous bonecancellous bone

00t 
co

n
ta

t 
co

n
ta

4040

HAp coating lost gradually.HAp coating lost gradually.

Im
pl

an
Im

pl
an

30% (natural bone)30% (natural bone)

00
n 6 6 8n 6 6 8 5 5 55 5 56 6 86 6 8 6 6 86 6 8

netnet plateplate needleneedle TiTiB
on

e-
I

B
on

e-
I

2， 4， 8weeks2， 4， 8weeks
n = 6,6,8n = 6,6,8 5,5,55,5,56,6,86,6,8 6,6,86,6,8

*：p < 0.05 (Tukey-Kramer method)*：p < 0.05 (Tukey-Kramer method)

K. Kuroda, S. Nakamoto, Y. Miyashita, R. Ichino, M. Okido: Mater. Trans., Vol. 47, No. 5, p. 1931-1934,(2006)
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K. Kuroda, R. Ichino, M. Okido: Mater. Sci. Forum, Vol. 539-543, p. 710-715, (2007)



in vivo evaluation (HAp) 14days implantation

K. Kuroda, S. Nakamoto, Y. Miyashita, R. Ichino, M. Okido: Mater. Trans., Vol. 47, No. 5, p. 1931-1934,(2006)
K K d M M i R I hi M Okid A S ki M t T V l 49 N 6 1434 1440 (2008)
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K. Kuroda, M. Moriyama, R. Ichino, M. Okido, A. Seki: Mater. Trans., Vol. 49, No. 6, p. 1434-1440, (2008)
K. Kuroda, M. Moriyama, R. Ichino, M. Okido, A. Seki: Mater. Trans., Vol. 50, No. 5, p. 1190-1195, (2009)



in vivo evaluation (HAp) 14days implantation
CO3Ap, CO3Ap/CaCO3CO3Ap, CO3Ap/CaCO3 CO3Ap/COL(Gelatin)CO3Ap/COL(Gelatin)

needleneedle plateplate netnet sphericalspherical needleneedle plateplate netnet TiTi
scaffoldscaffold scaffold + materials supplyscaffold + materials supply

6060

8080
cortical bonecortical bone

pp ypp y

4040

R
B

-I
(%

)
R

B
-I

(%
)

00

2020

00 1010 202000 1010 2020202000 1010 00 2020 4040 00 2020 4040 00 2020 404000 1010 2020 3030 5500 1010 202000 1010 2020202000 1010 00 2020 4040 00 2020 4040 00 2020 404000 1010 2020 3030
mass% CO3mass% CO3 mass% COLmass% COL

from the viewpoint of Scaffoldfrom the viewpoint of Scaffold

55

pp

RB-I(COL on needle) < RB-I(needle)       CO3Ap enhanced osteoconductivity.

R (needle plate net) < R (spherical)

RB-I(COL on needle) < RB-I(needle)       CO3Ap enhanced osteoconductivity.

R (needle plate net) < R (spherical)RB-I(needle, plate, net) < RB-I(spherical)RB-I(needle, plate, net) < RB-I(spherical)

K. Kuroda, S. Nakamoto, Y. Miyashita, R. Ichino, M. Okido: Mater. Trans., Vol. 47, No. 5, p. 1931-1934,(2006)
K Kuroda M Moriyama R Ichino M Okido A Seki: Mater Trans Vol 49 No 6 p 1434-1440 (2008)
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K. Kuroda, M. Moriyama, R. Ichino, M. Okido, A. Seki: Mater. Trans., Vol. 49, No. 6, p. 1434 1440, (2008)
K. Kuroda, M. Moriyama, R. Ichino, M. Okido, A. Seki: Mater. Trans., Vol. 50, No. 5, p. 1190-1195, (2009)



in vivo evaluation (HAp) 14days implantation
CO3Ap, CO3Ap/CaCO3CO3Ap, CO3Ap/CaCO3 CO3Ap/COL(Gelatin)CO3Ap/COL(Gelatin)

needleneedle plateplate netnet sphericalspherical needleneedle plateplate netnet TiTi
scaffoldscaffold scaffold + materials supplyscaffold + materials supply

6060

8080
pp ypp y

cortical bonecortical bone

4040

R
B

-I
(%

)
R

B
-I

(%
)

00

2020

00 1010 202000 1010 2020202000 1010 00 2020 4040 00 2020 4040 00 2020 404000 1010 2020 3030 5500 1010 202000 1010 2020202000 1010 00 2020 4040 00 2020 4040 00 2020 404000 1010 2020 3030
mass% CO3mass% CO3 mass% COLmass% COL

55

from the viewpoint of scaffold + materials supplyfrom the viewpoint of scaffold + materials supply

RB-I(CO3Ap/gelatin) = RB-I(CO3Ap) < RB-I(CO3Ap/COL)     
Too much COL addition decreased osteoconductivity.

R (CO Ap) R (CO Ap/CaCO )

RB-I(CO3Ap/gelatin) = RB-I(CO3Ap) < RB-I(CO3Ap/COL)     
Too much COL addition decreased osteoconductivity.

R (CO Ap) R (CO Ap/CaCO )RB-I(CO3Ap) = RB-I(CO3Ap/CaCO3)
Too much CaCO3 addition decreased osteoconductivity.

RB-I(CO3Ap) = RB-I(CO3Ap/CaCO3)
Too much CaCO3 addition decreased osteoconductivity.

K. Kuroda, S. Nakamoto, Y. Miyashita, R. Ichino, M. Okido: Mater. Trans., Vol. 47, No. 5, p. 1931-1934,(2006)
K Kuroda M Moriyama R Ichino M Okido A Seki: Mater Trans Vol 49 No 6 p 1434 1440 (2008)

Basic 13 Micro-Nano Surface Technology 
- Bioactive Coating and Its Osteoconductivity - Prof. M. Okido and Prof. K. Kuroda

COE for Education and Research of Micro-Nano Mechatronics, Nagoya University

K. Kuroda, M. Moriyama, R. Ichino, M. Okido, A. Seki: Mater. Trans., Vol. 49, No. 6, p. 1434-1440, (2008)
K. Kuroda, M. Moriyama, R. Ichino, M. Okido, A. Seki: Mater. Trans., Vol. 50, No. 5, p. 1190-1195, (2009)



in vivo evaluation (anodizing)

as polishedas polished
0.1M H2SO40.1M H2SO4

0.1M H3PO40.1M H3PO4

Anodizing in H3PO4 and H2SO4Anodizing in H3PO4 and H2SO4

14 days implantation14 days implantation

TiO2 coating enhanced the osteoconductivity.
Surface roughness of TiO2 coating influenced on the osteoconductivity.
R R

TiO2 coating enhanced the osteoconductivity.
Surface roughness of TiO2 coating influenced on the osteoconductivity.
R R
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RB-I (TiO2 in H2SO4)= RB-I (TiO2 in H3PO4)RB-I (TiO2 in H2SO4)= RB-I (TiO2 in H3PO4)



in vivo evaluation (anodizing)
as polishedas polished 0.1M H2SO40.1M H2SO4

0.1M H3PO40.1M H3PO40.1M NaOH0.1M NaOH
Anodizing in H3PO4, H2SO4 and NaOH.Anodizing in H3PO4, H2SO4 and NaOH.

The osteoconductivity of TiO2 coating anodized in NaOHaq depended on 
the surface roughness.
R R R

The osteoconductivity of TiO2 coating anodized in NaOHaq depended on 
the surface roughness.
R R R
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RB-I (TiO2 in H2SO4)= RB-I (TiO2 in H3PO4) > RB-I (TiO2 in H3PO4)RB-I (TiO2 in H2SO4)= RB-I (TiO2 in H3PO4) > RB-I (TiO2 in H3PO4)



in vivo evaluation (oxidation)

as polishedas polished 673 K
973 K
673 K
973 K

1073 K
1373 K
1073 K
1373 K

rutilerutile rutile + TiOrutile + TiO
High temp. oxidationHigh temp. oxidation

TiO2 coating made by high temp. oxidation did NOT improve 
the osteoconductivity.
h ff f h f h f O l

TiO2 coating made by high temp. oxidation did NOT improve 
the osteoconductivity.
h ff f h f h f O l
Basic 13 Micro-Nano Surface Technology 
- Bioactive Coating and Its Osteoconductivity - Prof. M. Okido and Prof. K. Kuroda

COE for Education and Research of Micro-Nano Mechatronics, Nagoya University

The effect of the surface roughness of TiO2 coating was not clear.The effect of the surface roughness of TiO2 coating was not clear.



in vivo evaluation (TiO2)
Anodizing 0.1 M H3PO4(100 V), 0.1 M H2SO4 (100 V), 0.1 M NaOH (80 V)
Anodizing+Oxidation 0.1 M H3PO4(100 V), 0.1 M NaOH (80 V) + 673 K (2 h) in vac.

673 K (2 h) i A 5%H

Anodizing 0.1 M H3PO4(100 V), 0.1 M H2SO4 (100 V), 0.1 M NaOH (80 V)
Anodizing+Oxidation 0.1 M H3PO4(100 V), 0.1 M NaOH (80 V) + 673 K (2 h) in vac.

673 K (2 h) i A 5%HOxidation 673 K (2 h) in Ar-5%H2Oxidation 673 K (2 h) in Ar-5%H2 （120nm thickness）（120nm thickness）

RB-I（Anodizing）＞
R （A di i O id i ）

RB-I（Anodizing）＞
R （A di i O id i ）RB-I（Anodizing+Oxidation）RB-I（Anodizing+Oxidation）

even if same anataseeven if same anatase

RB-I（Anodizing+Oxidation）＝
RB-I（oxidation）

RB-I（Anodizing+Oxidation）＝
RB-I（oxidation）B IB I

Oxidation decreased RB-I.
(anatase&rutile)

Oxidation decreased RB-I.
(anatase&rutile)

TiO2 coating formed in the
hydro-process enhanced
TiO2 coating formed in the
hydro-process enhancedhydro process enhanced
the osteoconductivity.
hydro process enhanced
the osteoconductivity.
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Evaluation (from the viewpoint of engineering)

【contact angle】【contact angle】

【Relative half width】
from XRD chart

【Relative half width】
from XRD chart (0.1M H3PO4 100V: 1)(0.1M H3PO4 100V: 1)

2 L water droplet （RT）2 L water droplet （RT）

【rest potential】
in PBS(-) at 37 oC pH 7.4

【rest potential】
in PBS(-) at 37 oC pH 7.4

（dark）（dark）

(a) as‐polished(a) as‐polished

【adsorption of albumin】
in PBS(-) at 37 oC pH 7.4．MicroBCA．

【adsorption of albumin】
in PBS(-) at 37 oC pH 7.4．MicroBCA．

（dark）（dark）

(a) as polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V

( ) 0 1M H SO 100V

(a) as polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V

( ) 0 1M H SO 100V A di iA di i(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

(e) Air, 400oC, 2h

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

(e) Air, 400oC, 2h

AnodizingAnodizing

OxidationOxidation(e) Air, 400 C, 2h

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

(e) Air, 400 C, 2h

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

OxidationOxidation

Anodizing+OxidationAnodizing+Oxidation

( ) 3 4, , ,

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3

( ) 3 4, , ,

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3
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(80oC，20min)(80oC，20min) ImmersionImmersion



Evaluation (crystallinity)
Anodized TiO2 films have 
low crystallinity. 
（depend on the solution）

Anodized TiO2 films have 
low crystallinity. 
（depend on the solution）p

Oxidation process increase
the TiO2 crystallinity.

p

Oxidation process increase
the TiO2 crystallinity.

TiO2 gel films made by the
immersion in the oxidizing
solution have low

TiO2 gel films made by the
immersion in the oxidizing
solution have low
(a) as‐polished 
(buffing, 0.05m Al2O3)

(a) as‐polished 
(buffing, 0.05m Al2O3)

solution have low.solution have low.

(b) 0.1M H3PO4, 100V

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

(b) 0.1M H3PO4, 100V

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

AnodizingAnodizing

(e) Air, 400oC, 2h(e) Air, 400oC, 2h OxidationOxidation

Anodizing+OxidationAnodizing+Oxidation

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3
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(80oC，20min)
2 2 3

(80oC，20min) ImmersionImmersion



Evaluation (hydrophilic, hydrophobic)
Anodized TiO2 films have
small contact angle.

（depend on the solution）

Anodized TiO2 films have
small contact angle.

（depend on the solution）p

Oxidation process increase
the contact angle.
TiO l fil d b th

p

Oxidation process increase
the contact angle.
TiO l fil d b thTiO2 gel films made by the
immersion in the oxidizing
solution have great angle.

TiO2 gel films made by the
immersion in the oxidizing
solution have great angle.
(a) as‐polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V

(a) as‐polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V3 4

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

3 4

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

( ) Ai 4 C h

AnodizingAnodizing

O id i(e) Air, 400oC, 2h

(f) 0 1M H3PO4 70V+Vac 400oC 2h

(e) Air, 400oC, 2h

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

OxidationOxidation

Anodizing+OxidationAnodizing+Oxidation

(f) 0.1M H3PO4, 70V+Vac., 400 C, 2h

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3

( C i )

(f) 0.1M H3PO4, 70V+Vac., 400 C, 2h

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3

(80 C 20 i ) ImmersionImmersion
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Evaluation (rest pot., albumin)
Rest pot. of TiO2 corresponds
with the adsorption value of
albumin.

Rest pot. of TiO2 corresponds
with the adsorption value of
albumin.

TiO2 films anodized in H3PO4
and immersed in the oxidizing
solution had high rest

TiO2 films anodized in H3PO4
and immersed in the oxidizing
solution had high rest

( ) li h d( ) li h d

o u o ad g
potential and adsorption value
of albumin.

o u o ad g
potential and adsorption value
of albumin.

(a) as‐polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V

(a) as‐polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

(e) Air 400oC 2h

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

(e) Air 400oC 2h

AnodizingAnodizing

OxidationOxidation(e) Air, 400oC, 2h

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

(e) Air, 400 C, 2h

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

OxidationOxidation

Anodizing+OxidationAnodizing+Oxidation

( ) 3 4, , ,

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3

(80 C 20 i )

3 4, , ,

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3

(80oC 20 i ) ImmersionImmersion
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Evaluation (osteoconductivity)
The tendency of the rest
potential, the crystallinity,
and the albumin adsorption

d ith th

The tendency of the rest
potential, the crystallinity,
and the albumin adsorption

d ith thcorresponds with the
osteoconductivity.
The osteoconductivity of TiO2
fil b i d i h

corresponds with the
osteoconductivity.
The osteoconductivity of TiO2
fil b i d i hfilms by immersed in the
oxidizing solution appears
promising.

films by immersed in the
oxidizing solution appears
promising.
(a) as‐polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V

(a) as‐polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

( ) Ai 4 C h

AnodizingAnodizing

O id i(e) Air, 400oC, 2h

(f) 0 1M H PO 70V+Vac 400oC 2h

(e) Air, 400oC, 2h

(f) 0 1M H PO 70V+Vac 400oC 2h

OxidationOxidation

Anodizing+OxidationAnodizing+Oxidation

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3
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Evaluation (anatase, rutile)

In any evaluations,
“Oxidation (Rutile)”
In any evaluations,
“Oxidation (Rutile)”Oxidation (Rutile)

=
“Anodizing+Oxidation

(anatase)”

Oxidation (Rutile)
=

“Anodizing+Oxidation
(anatase)”

(a) as‐polished(a) as‐polished

(anatase)(anatase)

(a) as polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V

(a) as polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V

( ) 1M H SO 1 V A di iA di i(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

(e) Air 400oC 2h

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

(e) Air, 400oC, 2h

AnodizingAnodizing

OxidationOxidation(e) Air, 400 C, 2h

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

(e) Air, 400 C, 2h

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

OxidationOxidation

Anodizing+OxidationAnodizing+Oxidation

( ) 3 4, , ,

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3

3 4, , ,

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3
I iI i
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Evaluation (anatase, rutile)
The reason why
RB-I(anodizing) > RB-I(oxidation)
is NOT anatase has better

The reason why
RB-I(anodizing) > RB-I(oxidation)
is NOT anatase has better
osteoconductivity than rutile.

The osteoconductivity
depends on the coating

osteoconductivity than rutile.

The osteoconductivity
depends on the coating

( ) li h d

depends on the coating
process (hydro or pyro).
depends on the coating
process (hydro or pyro).

(a) as‐polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V

(a) as‐polished 
(buffing, 0.05m Al2O3)

(b) 0.1M H3PO4, 100V

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

(e) Air 400oC 2h

(c) 0.1M H2SO4, 100V

(d) 0.1M NaOH, 80V

(e) Air 400oC 2h

AnodizingAnodizing

OxidationOxidation(e) Air, 400oC, 2h

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

(e) Air, 400oC, 2h

(f) 0.1M H3PO4, 70V+Vac., 400oC, 2h

OxidationOxidation

Anodizing+OxidationAnodizing+Oxidation

(f) 0.1M H3PO4, 70V+Vac., 400 C, 2h

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3

(f) 0.1M H3PO4, 70V Vac., 400 C, 2h

(g) 0.1M NaOH, 50V+Vac., 400oC, 2h

(h) 8.8M H2O2+0.1M HNO3
I iI i
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HAp/TiO2 composite film

gas inlet/outletgas inlet/outlet

WEWECECE RERE

gas inlet/outletgas inlet/outlet

WEWECECE RERE

Cathodic Electrolysis （HAp）Cathodic Electrolysis （HAp）

0.3mM Ca(H2PO4)2 0.7mM CaCl2, pH 5.50.3mM Ca(H2PO4)2 0.7mM CaCl2, pH 5.5

pressure gaugepressure gauge

thermocouplethermocouple

pressure gaugepressure gauge

thermocouplethermocouple

Cathodic Electrolysis （HAp）Cathodic Electrolysis （HAp）
Potential：-1.3V ~ -9.3 V vs. Ag/AgCl
Time：900 s
Potential：-1.3V ~ -9.3 V vs. Ag/AgCl
Time：900 s

view portview port

thermocouplethermocouple

view portview port

thermocouplethermocouple
Anodic Electrolysis （TiO2）Anodic Electrolysis （TiO2）

Potential：+8.7 V vs. Ag/AgCl
Time：900 s
Potential：+8.7 V vs. Ag/AgCl
Time：900 s

heaterheater

Ti specimen
(for in vitro)

Ti specimen
(for in vitro)

heaterheater

Ti specimen
(for in vitro)

Ti specimen
(for in vitro)

Time：900 sTime：900 s

Single Square-Wave Electrolysis
（TiO2/HAp）

Single Square-Wave Electrolysis
（TiO2/HAp） heaterheater

stirrer stirrer 

heaterheater

stirrer stirrer 

2
Anodic potential：+8.7 V vs. Ag/AgCl
Cathodic potential：-1.3V ~-9.3 V
Time：900 s + 900 s

Anodic potential：+8.7 V vs. Ag/AgCl
Cathodic potential：-1.3V ~-9.3 V
Time：900 s + 900 s

Anodic potential：+8.7 V vs. Ag/AgClAnodic potential：+8.7 V vs. Ag/AgCl
Pulse Electrolysis （TiO2/HAp）Pulse Electrolysis （TiO2/HAp） Bath Temp.：120℃, Intial Pres.：Ar 0.7 MPaBath Temp.：120℃, Intial Pres.：Ar 0.7 MPa

Cathodic potential：-9.3 V
Cycle duty ratio
A30s-C30s, A30-C60，A60-C60

Cathodic potential：-9.3 V
Cycle duty ratio
A30s-C30s, A30-C60，A60-C60

EvaluationEvaluation

SEM-EDX, XRD → in vivoSEM-EDX, XRD → in vivo

Basic 13 Micro-Nano Surface Technology 
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A300-C300 （Total time：1800 s）A300-C300 （Total time：1800 s）
SEM EDX, XRD in vivoSEM EDX, XRD in vivo



Cathodic Electrolysis / Anodic Electrolysis
0.3mM Ca(H2PO4)2 0.7mM CaCl2 pH 5.5，time：900 s  0.3mM Ca(H2PO4)2 0.7mM CaCl2 pH 5.5，time：900 s  

Cathodic potential：-1.3V ~ -9.3 V vs. Ag/AgClCathodic potential：-1.3V ~ -9.3 V vs. Ag/AgCl Anodic potential：+8.7 V vs. Ag/AgClAnodic potential：+8.7 V vs. Ag/AgClCathodic potential： 1.3V  9.3 V vs. Ag/AgClCathodic potential： 1.3V  9.3 V vs. Ag/AgCl Anodic potential：+8.7 V vs. Ag/AgClAnodic potential：+8.7 V vs. Ag/AgCl

TiTi TiTiTiTi

Cathode -1.3 VCathode -1.3 V Cathode -5.3 VCathode -5.3 V HApHAp anataseanatase rutilerutile

TiTi TiTiTiTi-1.3V-1.3V

tyty

-5.3V-5.3V

In
te

ns
it

In
te

ns
it

Cathode -9.3 VCathode -9.3 V Anode +8.7 VAnode +8.7 V -9.3V-9.3V

+8.7V+8.7V

2 (deg CuK)2 (deg CuK)
2020 3030 4040 5050
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2 (deg., CuK)2 (deg., CuK)2 m2 m



Single Square-Wave Electrolysis
0.3mM Ca(H2PO4)2 0.7mM CaCl2 pH 5.5  0.3mM Ca(H2PO4)2 0.7mM CaCl2 pH 5.5  

Anodic potential：+8.7V vs. Ag/AgClAnodic potential：+8.7V vs. Ag/AgCl

A+8.7V→C-1.3VA+8.7V→C-1.3V A+8.7V→C-5.3VA+8.7V→C-5.3V

Cathodic potential：-1.3V, -5.3V, -9.3V
Time：900 s + 900 s
Cathodic potential：-1.3V, -5.3V, -9.3V
Time：900 s + 900 s

A+8 7V→C 1 3VA+8 7V→C 1 3V A+8 7V→C 5 3VA+8 7V→C 5 3V

5050

m
-2

m
-2

A+8.7V→C-1.3VA+8.7V→C-1.3V A+8.7V→C-5.3VA+8.7V→C-5.3V

C-9.3V→A+8.7VC-9.3V→A+8.7VA+8.7V→C-9.3VA+8.7V→C-9.3V

00

-50-50 i 
/ 

m
Ac

m
 i 

/ 
m

Ac
m

t 
de

ns
ity

,
t 

de
ns

ity
,

5050 ①A60s①A60s

C-9.3V→A+8.7VC-9.3V→A+8.7VA+8.7V→C-9.3VA+8.7V→C-9.3V
C-9.3V→A+8.7VC-9.3V→A+8.7V

① A60s① A60s ②A300s②A300s

Cu
rr

en
t

Cu
rr

en
t

00

①A60s①A60s

②A300s②A300s
① A60s① A60s ②A300s②A300s

00 500500 10001000 1500150000 500500 10001000 15001500
Time, t / sTime, t / s

-50-50

2 m
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Time, t / sTime, t / s 

K. Kuroda, H. Shidu, R. Ichino, M. Okido: Mater. Trans., Vol. 48, No. 3, p. 322-327, (2007)



Pulse Electrolysis
0.3mM Ca(H2PO4)2 0.7mM CaCl2 pH 5.5  0.3mM Ca(H2PO4)2 0.7mM CaCl2 pH 5.5  5050 A30s-C30sA30s-C30s

Anodic potential：+8 7 V vs Ag/AgClAnodic potential：+8 7 V vs Ag/AgCl

m
-2

m
-2

00

-50-50

Anodic potential：+8.7 V vs. Ag/AgCl
Cathodic potential：-9.3 V
Cycle duty ratio
A30s C30s A30 C60 A30 C90

Anodic potential：+8.7 V vs. Ag/AgCl
Cathodic potential：-9.3 V
Cycle duty ratio
A30s C30s A30 C60 A30 C90

i /
 m

Ac
m

i /
 m

Ac
m

5050
A60s-C60sA60s-C60s

A30s-C30sA30s-C30s A60s-C60sA60s-C60s A300s C300sA300s C300s

A30s-C30s, A30-C60，A30-C90
（total electrolyzing time：1800 s）

A30s-C30s, A30-C60，A30-C90
（total electrolyzing time：1800 s）

de
ns

ity
, 

de
ns

ity
, 

00

5050

A30s-C30sA30s-C30s A60s-C60sA60s-C60s A300s-C300sA300s-C300s

Cu
rr

en
t 

Cu
rr

en
t -50-50

5050
A300s-C300sA300s-C300s

2 m

00

2 m

K. Kuroda, H. Shidu, R. Ichino, M. Okido: Mater. Trans., Vol. 48, No. 3, 
p. 322-327, (2007)
K Kuroda H Shidu R Ichino M Okido: Mater Trans Vol 48 No 3

00 500500 10001000 15001500
Ti t /Ti t /

-50-50
K. Kuroda, H. Shidu, R. Ichino, M. Okido: Mater. Trans.,Vol. 48, No. 3, 
p. 328-331, (2007)
K. Kuroda, H. Shidu, R. Ichino, M. Okido: Jpn. Inst. Metals, Vol. 72, No. 5, 
p. 376-382, (2008)
K. Kuroda, H. Shidu, R. Ichino, M. Okido: Jpn. Inst. Metals, Vol. 72, No. 5,
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Pulse Electrolysis

Anodic potential：+8.7 V vs. Ag/AgClAnodic potential：+8.7 V vs. Ag/AgCl

0.3mM Ca(H2PO4)2 0.7mM CaCl2 pH 5.5  0.3mM Ca(H2PO4)2 0.7mM CaCl2 pH 5.5  

00

5050 A30s-C30sA30s-C30s

p g/ g
Cathodic potential：-9.3 V
Cycle duty ratio
A30s-C30s, A30-C60，A30-C90

p g/ g
Cathodic potential：-9.3 V
Cycle duty ratio
A30s-C30s, A30-C60，A30-C90

m
-2

m
-2

00

-50-50, ，
（Total time：1800 s）

, ，
（Total time：1800 s）

A30s-C30sA30s-C30s A30s-C60sA30s-C60s A30s-C90sA30s-C90s i /
 m

Ac
m

i /
 m

Ac
m

5050
A30s-C60sA30s-C60s

de
ns

ity
, 

de
ns

ity
, 

00

5050

5050Cu
rr

en
t 

Cu
rr

en
t -50-50

A30s-C90sA30s-C90s
2 m

00K. Kuroda, H. Shidu, R. Ichino, M. Okido: Mater. Trans., Vol. 48, No. 3, 
p. 322-327, (2007)
K Kuroda H Shidu R Ichino M Okido: Mater Trans Vol 48 No 3

-50-50

00 500500 10001000 15001500
Ti t /Ti t /

K. Kuroda, H. Shidu, R. Ichino, M. Okido: Mater. Trans.,Vol. 48, No. 3, 
p. 328-331, (2007)
K. Kuroda, H. Shidu, R. Ichino, M. Okido: Jpn. Inst. Metals, Vol. 72, No. 5, 
p. 376-382, (2008)
K. Kuroda, H. Shidu, R. Ichino, M. Okido: Jpn. Inst. Metals, Vol. 72, No. 5,
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p. 383-387, (2008)
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Evaluation
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Concluding Remarks
Hydro-coating process,

thermal substrate method
Hydro-coating process,

thermal substrate method
anodizing
immersion in oxidizing acid solution

f bi ti d h h d tit d

anodizing
immersion in oxidizing acid solution

f bi ti d h h d tit dof bioactive compounds, such as hydroxyapatite and
titania was discussed. And also the titania coating
using pyro-process high temperature oxidation process

of bioactive compounds, such as hydroxyapatite and
titania was discussed. And also the titania coating
using pyro-process high temperature oxidation processusing pyro-process, high temperature oxidation process,
was explained.
using pyro-process, high temperature oxidation process,
was explained.

The osteoconductivity of the coated bioactive
compound films using hydro- and pyro-process was
The osteoconductivity of the coated bioactive
compound films using hydro- and pyro-process was
evaluated by in vitro and in vivo testing.

The osteoconductivity of bioactive compound coatings

evaluated by in vitro and in vivo testing.

The osteoconductivity of bioactive compound coatingsThe osteoconductivity of bioactive compound coatings
by the hydro-process appears more promising than by
the pyro-process.

The osteoconductivity of bioactive compound coatings
by the hydro-process appears more promising than by
the pyro-process.
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the pyro process.the pyro process.


