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Metallic biomaterials such as, cobalt-chromium (Co-Cr) alloys,
stainless steel have been widely used for hard tissue implant fields because of
their superior mechanical properties, corrosion resistance. In addition, recently,
polyetheretherketone (PEEK) has been considered as a candidate to replace
the metallic biomaterials, because of its modulus similar to bone. However,
their relatively low biocompatibility has limited their wider applications. The
biocompatibility of material has close relationship with its surface properties,
such as composition, structure. Therefore coating the surface with Ti can be
one of the most promising solutions to enhance their biocompatibility. Ti is
the most biocompatible metallic materials because of its natural oxide layer
and widely used for the biomedical fields. It is also well known that the
biocompatibility of the Ti surface can be further improved by anodic
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oxidation, such as micro-arc oxidation (MAO) and anodic titania (TiO2) nanopores (or nano-tubes) (ATN). In this study, to improve the biocompatibility of
Co-Cr alloy and PEEK materials, pure Ti was coated onto various substrates
and coated Ti was anodic oxidized. For further improved biocompatibility,
novel hierarchical micro/nano-porous structure was fabricated by sequential
anodic oxidation treatments and Ti coating. Moreover, potential of the oxide
layers for the drug and growth factor delivery systems were studied using
their micro- and nano-porous surface structures.
Pure Ti film was coated onto bioinert PEEK substrate using electron
beam (e-beam) evaporation in order to enhance its biocompatibility. Ti film
was uniform, crystallized without any defects. On the Ti-coated PEEK,
MC3T3-E1, osteoblast-like cells showed favorable attachment. Ti-coated
PEEK also showed significantly enhanced proliferation and differentiation
behaviors. In the in vivo animal study, osseoconductivity was examined using
a rabbit tibial defect model. Ti-coated PEEK showed significantly higher
bone-to-implant contact (BIC) ratio 4 weeks after implantation compared to
the uncoated PEEK.
It was also verified that biocompatibility of Ti film was improved by
anodic oxidization. Pure Ti was coated onto the cobalt-chromium (Co-Cr)
alloy and the Ti-coated alloy was treated with MAO. Rough micro-porous
TiO2 layer was formed onto Co-Cr alloy. For the stability of the oxide layer
and substrate at least 5 micrometers of Ti layer was needed. The MC3T3-E1
cells showed increased degree of differentiation on the Ti coated specimen
and further increased degree of differentiation on the MAO treated specimen.
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Furthermore, novel hierarchical micro/nano-porous TiO2 structure
was fabricated by sequential MAO, Ti coating and ATN treatments. The scale
of this structure is similar to those of extra cellular matrix (ECM) of human
tissues. Onto the micro-arc oxidation treated Ti surface, 500 nm of pure Ti
layer was coated and then nano-porous layer was fabricated by ATN treatment.
On the hierarchical porous structure, the MC3T3-E1 cells showed star-shaped
morphology than on the bare Ti. Furthermore, the degree of differentiation of
cells on the hierarchical structure is much higher than those on the bare, ATN
and MAO-treated Ti. It was also notable that this hierarchical structure can be
applied any microscale-structured surface.
In the second study, the potential of the porous TiO2 layers for the
delivery of bioactive substances such as drug and protein was examined. The
porous structure enhanced the drug loading capacity. The fast drug release
from pores was overcome by using the silica xerogel as a drug carrier. The
mixture of tetracycline-hydrochloride (TCH), antibiotic drug, and silica
xerogel sol was loaded into micro- and nano-pores fabricated by MAO and
ATN treatments, respectively. By the SEM observation, it was confirmed that
porous TiO2 layer was filled with TCH and silica xerogel mixture. The
amount of drug loaded into the anodic oxidized Ti increased 5 to 7 times,
compared to as-machined Ti. The anodic oxidized Ti showed sustained
released of drug over a period of 7 days. The anti-bacterial test results showed
that the released drug prevented the proliferation of staphylococcus aureus
(S.aureus).
The protein loading ability of porous TiO2 layer was assessed using
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PEEK substrate and bone morphogenetic protein-2 (BMP-2). Nano-porous
TiO2 layer was formed on PEEK by ATN treatment of the Ti-coated PEEK.
The nano-porous layer showed significantly improved in vitro cellular
behavior than PEEK surface and it was further improved when BMP-2 was
adsorbed on the porous surface. In the in vivo animal test using rabbit tibial
defect model, ATN-treated screws integrated with bone tissue more tightly
than PEEK screws. ATN-treated surface showed higher BIC ratio than bare
PEEK surface. After BMP-2 treatment, the BIC ratio of ATN-treated surface
increased 20%, while that of PEEK surface didn’t change.
These results suggested that biocompatibility could be improved by
Ti coating and further improved by followed anodic oxidation. Also
hierarchical micro/nano-porous structure showed the potential for increasing
biological properties of any substrates by mimicking the scale of natural
tissues. Increased loading capacity of bioactive substance is another advantage
of anodic oxidized porous structures.

Keywords: Titanium, Electron Beam Evaporation, Anodic Oxidation,
Hierarchical Structure, Biocompatibility, Drug, Growth Factor
Student Number: 2007-20749
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Chapter 1.
Introduction
(Theoretical review)

1.1 Titanium (Ti) as a hard tissue implant material
Titanium (Ti) has been considered as one of the most compatible
materials for the hard tissue biomedical materials and used widely for few
decades. As a biomaterial, Ti has many advantages, such as chemical stability
of the surface and resultant corrosion resistance, biocompatibility and good
mechanical properties despite their low densities.
Ti is thermodynamically active so that the thin amorphous TiO2
passive layer was formed on its surface spontaneously in ambient air. This
thin passive layer prevents continuously reaction of Ti with surrounding
oxygen and this process increase the corrosion resistance of Ti. In the human
body, body fluid makes the harsh environment for metallic materials. The
passive layer on the Ti formed spontaneously is stable in the body fluid and it
can protect the Ti materials from the body fluid when it was implanted [1-3].
The definition of biocompatibility of the material is that the materials
can offer the favorable environment for the cells and the tissues without
allergenic reaction in vitro and in vivo. As an implantable material, it is well
known that Ti has more biocompatibility than other metallic biomaterials such
as stainless steel and cobalt-chromium (Co-Cr) alloys [4, 5]. Ti and its alloys
also have good mechanical properties, especially specific strength. The
mechanical properties of generally used materials for hard tissue applications
were summarized in Table I [6-9]. However, Ti showed relatively lower
osseointegration rate than other bioactive materials [10]. The osseointegration
means that direct contact between implant surface and bone tissue without
interference by soft tissue [1]. Therefore there have been many studies
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focusing on enhancing biocompatibility of Ti by surface modification
chemically or physically because the reaction between material and tissue
occurs at the interface [11-15].

1.2 Surface modification methods
In this subchapter, the surface modification methods which used in
this thesis were briefly introduced.

1.2.1 Electron beam (e-beam) evaporation
The electron beam (e-beam) evaporation, a kind of the physical
vapor deposition (PVD), is thin film making method and used in
semiconductor industries. In this method, thermally radiated e-beam from the
heated filament in high vacuum was focused and led onto target materials
using the electromagnets. Target material which is heated by e-beam
evaporated and deposited on the substrates. As the target materials refractory
metals such as W, Nb, Ti and ceramics can be used [16]. In some cases, ion
beam generators are equipped in the chamber. Using this high energy ion
beam, the surface of the substrate can be cleaned and etched [17, 18]. The
schematic diagram of e-beam evaporation is depicted in Figure 1.1.

1.2.2 Anodic oxidation
Using an electrochemical treatment, the porous oxide structure can
be fabricated on the metals which have stable passive oxide layer properties.
The passive layer of the Ti was stable in wide range of pH and potential
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according to the Pourbaix diagram of Ti in an aqueous system, as shown in
Figure 1.2 [1, 19]. When the Ti is electrochemically treated, the thickness of
passive layer of the Ti increases with the applied voltage. However, the
applied voltage reaches specific point, the passive layer turns into transpassive condition and the oxide layer becomes reactive. The passive layer of
Ti has higher breakdown potential than those of Co-Cr alloys and stainless
steels [20-24]. Therefore the electrochemical treatment of Ti is more stable
than other metals. In this study, two types of anodic oxidation treatments were
used to fabricate micro- and nano-porous oxide layers.

1.2.2.1 Micro-arc oxidation (MAO)
The micro-arc oxidation (MAO) treatment which is one kind of
plasma electrolytic oxidation allows the metal surface to be coated with rough
and micro-porous oxide layer. The mechanism of micro-arc oxidation was
depicted in Figure 1.3. When the potential with hundreds of volts is applied to
the Ti in certain electrolyte, the passive oxide layer becomes too thick to ion
exchange and breaks down with micro-arc. The new passive layer was
deposited on the passive layer with thinner thickness by breakdown. The
repeated breakdown and regeneration make the passive layer be rough and
micro-porous [25-32]. During MAO treatment the oxide layer is crystallized
by the heat of micro-arc and incorporates the ions from the electrolyte. The
porous structure is dependent on the electrolyte and process parameter such as
applied voltage. Figure 1.4 shows the surface morphologies with the varied
applied voltages (190 V ~ 600 V) [30]. The roughness, pore size of the porous
oxide layer increased with applied voltages. The composition of the
4

electrolyte and other conditions used in this study are summarized in Table I.2.
The MAO-treated surface affects the cellular behavior due to its high
roughness oxide layer. On the rough surface cell can make focal adhesion
with surface. The focal adhesion provides extra cellular matrix (ECM) like
environment for the cell and serves as a signaling hub [31, 33]. The
incorporation of Ca and P ions into oxide layer also can affect cellular
behavior of MC3T3-E1 cells [28].

1.2.2.1 Anodic titania nano-pores (tubes) (ATN)
Anodic titania (TiO2) nanopores and nanotubes (ATN) have been
widely researched in sensor, photocatalysis, and energy fields because of
unique properties of nanostructured TiO2 [34-39]. Moreover, due to its surface
properties, ATN have been also studied in biomedical implant fields [40-46].
Highly ordered amorphous TiO2 nano-pores and nano-tubes are fabricated on
the Ti surface through the electrochemical treatments in the fluoride ion
containing electrolytes. Herein, one of the many theories about nano-porous
structure formation mechanism was briefly introduced. Figure 1.5 shows the
schematic diagram of nano-porous structure formation mechanism. The
reactions at the Ti anode in the fluoride ion containing electrolyte can be
represented as

2H2O → O2 + 4e- + 4H+

(1)

Ti + O2 → TiO2

(2)

TiO2 + 6F- + 4H+ → TiF62- + 2H2O

(3)
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When the oxide layer grows over the certain thickness, small pits are
formed due to defects or the localized dissolution of the oxide. These pits
increase the electric field and the dissolution rate. Because the pore entrance
is less affected by electric field the dissolution rate of it is low. Therefore, at
the initial stage, the morphology of original Ti layer can be observed. The ion
exchanges occur through the barrier layer forming a layer of Ti oxide
hydroxide at the TiO2/Ti interface. At the later stage of the anodic oxidation,
TiO2 nano-tubes are formed by dehydrating of the Ti oxide hydroxide to βTiO2 which makes O-ring patterns on the outer wall of nanotubes [34, 47].
The characteristics of the porous oxide layer are closely dependent on the
electrolytes and the process parameters. The generations of the ATN was
distinguished by electrolytes. Figure 1.6 shows the morphology of the ATN
layers with each generation of electrolyte [48-51]. Large pore with low aspect
ratio was fabricated with first generation electrolyte. In the second generation,
the growth rate of the pore increased using buffered electrolyte. In this study,
the third generation electrolyte which makes the nano-pores with smooth
morphology and high aspect ratio was used. The ATN-treated surface also
affects the MC3T3-E1 cells by providing the focal contacts. When the pore
size is about 70 nm, the effect of ATN-treated surface is highest [46].

1.3 The aim of this study
1.3.1 Ti coating and anodic oxidation for enhancing
biocompatibility
Metallic biomedical materials such as Co-Cr alloys and stainless
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steel also have widely used in hard tissue applicaions, due to their superior
mechanical property and corrosion resistance. In addition, polymeric
biomaterials such as, polyetheretherketone (PEEK) are considered as
candidates to replace metallic biomaterials because of their modulus similar to
the bone, which reduces the shielding effect [52-54]. However their low
biocompatibility has limits their wider applications. Coating of their surfaces
with Ti can be one of the most promising solutions to enhancing their
biocompatibility. And the biocompatibility can be further improved by anodic
oxidation. Therefore, in this study, pure Ti was coated on the Co-Cr alloys and
PEEK using e-beam evaporation. To obtain further improved biocompatibility,
electrochemically treatment of Ti coating layer was examined.
In addition, we developed new method for fabricating hierarchical
micro/nano-porous oxide layer for improving the biocompatibility by
mimicking the scale of natural ECM. It is well known that the natural bone
tissues have hierarchical nano to macro scale structure. Especially the cells
directly react with ECM which has both micro-scaled fibrous structure and
nano-scaled cell binding sites [55-57]. Therefore it is expected that the
cellular behavior of osteoblast like cells is improved on the hierarchical
micro/nano-porous surface. To obtain this structure Ti was MAO treated, Ti
coated and ATN treated sequentially. The biological property of the
hierarchical surface structure was examined in vitro cellular tests.

1.3.2 Drug and growth factor delivery systems
To reduce of the inflammatory reaction and stimulate the formation
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of new tissue can affect the success orthopedic or dental surgery. Therefore,
this study aimed at enhancing the drug and growth factor delivery potential of
the implant using micro- and nano- porous TiO2 layers which are introduced
to improve the biocompatibility of Ti. In the drug delivery systems, microand nano-porous TiO2 layer were studied and for effective drug delivery, drug
carrier was used together. The growth factor delivery system was studied
using PEEK as a substrate. The effect of the drug and growth factor were
evaluated by anti-bacterial activity and in vitro and in vivo biocompatibility,
respectively.
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Table I.1. Mechanical properties of the biomaterials for hard tissue [6-9].

Materials

Density
(g/cm3)

Elastic
Modulus
(GPa)

Utimate
Tensile
Strength
[MPa]

Specific
Strength
[kN·m/kg]

Human
bone

1.8

7-30

50-150

28-83

4.5

117

345-785

77-174

8.3

200-230

600-1795

72-216

7.9

200

465-950

59-120

1.3

4

93

72

(cortical)

Titanium
(cp)

CoCrMo
alloy

Stainless
Steel
(316L)
PEEK
(PEEKOPTIMA®)

9

Table I.2. The electrolytes and the conditions of MAO and ATN treatment
used in this study. [30, 50]
Anodic
Oxidation
Micro-arc
Oxidation
(MAO)

Anodic
titania
nano-pore
(ATN)

Electrolyte composition
0.15 M calcium acetate monohydrate (Aldrich,
USA)
+ 0.02 M glycerol phosphate, calcium salt
(Aldrich, USA)

0.25 wt% ammonium fluoride (Aldrich, USA)
+ 2 vol% distilled water,
ethylene glycol (Aldrich, USA,balanced)
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Potential

Pulsed DC
660 Hz
60% duty

Normal
DC

Figure 1.1. Schematic diagram for the apparatus of the electron beam
evaporation.

11

Figure 1.2. Pourbaix diagram for Ti in an aqueous system at 37 °C [19].
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Figure 1.3. The schematic diagrams of micro-pore formation mechanism
during MAO process.
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Figure 1.4. The scanning electron microscopy images of MAO-treated
surface morphologies at different voltages; (A) 190 V, (B) 230 V, (C) 270 V,
(D) 350 V, (E) 450 V and (F) 600 V [30].
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Figure 1.5. Schematic diagram for nano-pore and nano-tube TiO2 formation
mechanism during ATN treatment [34, 47].
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Figure 1.6. The scanning electron microsocpy images of ATN-treated surface
morphologies with (A) first, (C) second and (E) third generation electrolytes
and (B, D, F) cross section of each generation [48-51].
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Chapter 2.
Ti coating and anodic oxidation
for enhancing biocompatibility

In this chapter, pure Ti layer and porous TiO2 layer were fabricated
on the polymeric and the metallic surfaces by electron beam evaporation and
electrochemical treatment, respectively and biocompatibility of the surface
modified specimen was discussed.

2.1 Ti coating for enhancing biocompatibility
2.1.1 Introduction
Polyetheretherketone (PEEK) is a semi-crystalline thermoplastic
with outstanding mechanical and chemical resistance properties, as well as
high thermal stability, which allowed it to be widely used in diverse fields,
such as in the aerospace, automotive, and chemical process industries. More
recently, PEEK, which was approved as a medical grade material by the U.S.
FDA in the late 1990s, has been studied as a substitute for metallic implant
materials, because of its appropriate biocompatibility and especially low
elastic modulus (3 ~ 4 GPa) [9, 58-61], which would be expected to reduce
the extent of stress shielding often observed in Ti-based metallic implants [5254].
Despite its good mechanical properties, the PEEK implant suffers the
relatively poor adhesion to bone tissue [59]. It is well known that the
biocompatibility of the implant is strongly affected by its surface
characteristics, such as the surface roughness or chemical compositions [1113]. Therefore considerable efforts have focused on modifying the surface of
the PEEK implant. Representative example of surface modification of the
PEEK-based implant is the coating of bioactive materials using various
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physical and chemical methods, including ionic plasma deposition (IPD) [62],
plasma spray deposition [63], in vitro precipitation [64, 65], and so forth. In
various coating methods, it is still challenging to explore advanced coating
methods that can operate at relatively low temperature, in order to eliminate
possible problems associated with the thermal degradation of the PEEK
during coating process.
Ti is the most widely used implant material for load-bearing dental
and orthopedic applications because of its excellent mechanical and biological
properties [1, 3]. Especially, in terms of biocompatibility, Ti is only surpassed
by bioactive ceramics, such as hydroxyapatite or bioactive glass, and natural
biopolymers, such as collagen or its derivatives. Therefore, Ti is a strong
candidate as the coating material for PEEK implants. In this research, the
electron beam (e-beam) evaporation process was used to coat Ti onto PEEK in
order to enhance its biocompatibility. The e-beam evaporation is a versatile
coating technique that produces a dense, uniform thin film on any substrate at
a low temperature [66, 67]. Even though the Ti was deposited onto PEEK at a
relatively low temperature, the Ti was crystallized without the need for any
post-deposition heat treatment.
The physical properties of the Ti coating layer were evaluated in
terms of microstructure, crystallinity, wetting angle and bonding strength with
respect to the PEEK substrate. The effect of the Ti coating layer on the
biological properties of the PEEK implant was assessed by conducting in vitro
and in vivo tests. More specifically, the in vitro cellular responses of the
specimens were evaluated in terms of initial cell attachment, proliferation, and
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osteoblastic differentiation. The in vivo conductivity was examined by
measurement bone-to-implant contact (BIC) ratio using a rabbit tibial defect
model for a period of 4 weeks.

2.1.2 Experimental Procedure
Ti coating on PEEK
As a substrate, disc shaped PEEK (PEEK-OPTIMA®, Invibio, UK)
with a diameter of 15 mm and a thickness of 2 mm were prepared, polished
with a 2000-grit SiC abrasive paper, and then ultrasonically cleaned. A
commercially pure Ti plates (grade 2, Kahee Metal, Korea), with dimensions
of 10 × 10 × 1 mm3, were prepared as a target material, ground with a 220-grit
SiC abrasive paper and then ultrasonically cleaned. All of the ultrasonic
cleaning processes were conducted successively for 3 min in each of acetone,
ethanol and distilled water. A thin Ti film was deposited onto the PEEK
surface using an e-beam evaporator (EVACO-EB800R, Dr. Vacuum, Korea).
The prepared substrate was mounted on a rotating holder in a vacuum
chamber and cleaned by an Ar ion beam with a voltage of 90 V and a current
of 1.5 A for 20 min before Ti coating. The Ti film was then coated on the
PEEK at a rate of ~0.05 nm/s to a film thickness of 1 μm. The temperatures
for the Ar ion beam cleaning and Ti coating were about 90 °C and 120 °C,
respectively. During the coating process, the substrate holder was rotated at 5
rpm to achieve a uniform thickness.

Characterization
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The microstructures and phases of the specimens were evaluated by
scanning electron microscopy (SEM; JSM-6360, JEOL, Japan) and X-ray
diffraction (XRD; M18XHF-SRA, MacScience Co., Japan) analyses,
respectively. The hydrophilicity of the both specimens was evaluated using
the sessile drop method. Distilled water drops were applied onto the both
specimen surfaces and photographed with a CCD camera connected to a
goniometer (Phoenix 300, Surface Electro Optics Co. Ltd., Korea). The
contact angle was calculated using analysis program (ImageXP, Surface
Electro Optics Co. Ltd., Korea). The bond strength between the Ti film and
PEEK was determined using tensile tests (Sebastian V, Quad Group, USA).
An aluminum stud was mounted on the specimen with epoxy glue and
hardened by heat treatment for 1 hour at 120 °C. The load at failure was
measured for the bond strength.

in vitro cell test
The preliminary biological properties were evaluated by in vitro cell
tests using an MC3T3-E1 cell line (CRL-2593, ATCC, USA). For the in vitro
cell tests, the specimens were sterilized for 30 min by UV irradiation. The preincubated cell line was placed onto the specimens at densities of 5×104, 2×104
and 1×104 cells/ml for cell attachment, proliferation and differentiation,
respectively and then cultured in a humidified incubator with 5% CO2 at
37 °C. Alpha-minimum essential medium (α-MEM; LM008-53, Welgene Co.,
Ltd., Korea) supplemented with 5% fetal bovine serum (FBS; Certified FBS,
Gibco®, USA) and 1% penicillin-streptomycin (Pen Strep, Gibco®, USA)
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was used as the culturing medium. For the differentiation test 10 mM βglycerol phosphate (β-GP; Sigma-Aldrich, USA) was added to α-MEM with
50 μg/ml ascorbic acid (LM008-01, Welgene Co., Ltd., Korea). After 3 h of
culturing, the cells on the specimens were fixed with 4% paraformaldehyde
phosphate buffer solution (Wako, Japan) for 10 min, washed in Dulbecco’s
phosphate buffered saline (DPBS; Welgene Co., Ltd., Korea), permeabilized
with 0.1% Trion X-100 (Sigma-Aldrich, USA) in DPBS for 5 min, washed in
DPBS. After block the nonspecific site by 1% bovine serum albumin (BSA;
albumin bovine, Sigma-Aldrich, USA), f-actin of the cells were stained by
fluorescent phalloidin (Alexa Fluor® 555 phalloidin, Invitrogen, USA) for 20
min and nuclei were stained by 4',6-diamidino-2-phenylindole (DAPI;
ProLong® Gold antifade reagent with DAPI, Invitrogen, USA) for 5 min. The
stained actin and nuclei of the cell were observed by confocal laser scanning
microscopy (CLSM; LSM510, Carl Zeiss, Switzerland). The proliferation
behavior of the cells was determined over a 3-day period using the
metoxyphenyl tetrazolium salt (MTS) method. After 5 days of culturing, the
specimens were moved to new well plates, washed with DPBS. On the
specimen, 10% reagent for MTS (CellTiter 96®, Promega, USA) in complete
medium was added and incubated for 2 hours. The absorbance of the reactant
was read at 490 nm using microplate reader (Model 550, Bio-rad, USA). The
quantity of formazan product was supposed to be directly proportional to the
number of living cells in the culture. The degree of differentiation of the cells
was assessed by measuring the alkaline phosphatase (ALP) activity using pnitrophenyl phosphate (pNPP; alkaline phosphatase yellow (pNPP) liquid
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substrate system for ELISA, Sigma-Aldrich, USA). After 7 and 14 days of
culturing, the specimens were moved to new well plates, washed in DPBS.
The gathered cells were treated with 0.1% triton X-100 and disrupted by
sequential freezing and thawing. The total protein of each sample was assayed
using protein assay kit (DC protein assay kit, Bio-rad, USA). Each sample
was added to pNPP substrate and incubated for 1 hour at 37 °C. During the
incubation, pNPP was converted into p-nitrophenol (pNP) in the presence of
ALP at a rate proportional to the ALP activity. The absorbance of the sample
read at 405 nm was converted into concentration of pNP using a prepared
standard curve which was drawn by the absorbance of the pNP standard (pnitrophenol standard solution, Sigma-Aldrich, USA) diluted in the 0.1% triton
X-100 with concentrations in the range of 5 ~ 500 μM. The linear relationship
between the absorbance (x) and the concentration of the pNP (y) was obtained
(y (μM) = 238.4x - 6.8912, r2 = 0.99). The experimental data of the biological
tests were expressed as means ± standard deviations (SD) for n = 3. The
statistical analysis was performed via a one-way analysis of variance
(ANOVA). The differences were considered to be significant at p < 0.05.

in vivo animal test
The in vivo animal test was carried out on five male New Zealand
white rabbits (12 weeks, average weight 3 kg). For the in vivo test, PEEK
screws with a diameter of 3.4 mm, thread length of 4.5 mm and total length of
6 mm were prepared. To compare the osseointegration of the two materials in
the same defect, only one side of the PEEK screw was coated with 1 μm of Ti
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film. A combination of 0.5 ml of 2% Xylazine HCl (Rompun, Bayer Korea,
Korea) and 1.5 ml of Tiletamine HCl (Zoletil, Virbac lab, France) as the
general anesthesia and Lidocaine (Yuhan Corporation, Korea) with 1:100,000
epinephrine as the local anesthesia was injected. The tibial defects, 3.4 mm in
diameter, were created on each of the hind legs using a hand piece drill. The
half-coated PEEK screws were implanted into both of the defects for each of
the five rabbits. After surgery, the wounds were sutured with Surgisorb
(Samyang Ltd, Korea) and cephradine (Bayer Korea, Korea), antibiotic, was
injected for 3 days. Four weeks after implantation, the rabbits were sacrificed,
the extracted were fixed in a 10% neutral formaldehyde solution, and blocks
were made using the resin. The digital images of the resin block sections
stained with Masson-Trichrome and haematoxylin-eosin were obtained by
Axioskop microscopy (Olympus BX51, Olympus Corporation, Japan) The
BIC ratio was calculated from the images using a digital image analysis
program (SPOT, Diagnostic Instrument Inc., USA) and it of the each Ticoated side was normalized with it of the PEEK side within the same screw.
In this system, the measurement area of the BIC ratio was limited to the
region where the original cortical bone had been existed..
The statistical analysis was performed via one-way analysis of
variance (ANOVA), with the level of significance set at p < 0.05.

2.1.3 Results
Characterization
Surface morphology
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It was possible to coat the surface of a PEEK with a dense and
uniform Ti coating layer using e-beam deposition, as shown in Figure 2.1.1 (A)
and (B). The surface of as-machined PEEK specimen showed some sharp
machining grooves, as shown in Figure 2.1.1(A). The surface of the Ti coating
layer showed relatively smooth surface without any noticeable defects, such
as cracks and large voids, as shown in Figure 2.1.1(B). Furthermore, the Ti
coating layer was very uniform throughout the specimen with strong adhesion
strength, as shown in Figure 2.1.1(C). The thickness of the Ti coating layer
was about 1 μm. However, the thickness of the Ti coating layer can be
controlled by simply adjusting the coating time.

Phases
The crystalline phases of the as-machined PEEK and Ti-coated
PEEK specimens were examined by XRD analyses, as shown in Figure 2.1.2
(A) and (B), respectively. As expected, the pure PEEK specimen showed only
peaks associated with the crystalline PEEK phase (Figure 2.1.2(A)) [68].
After Ti coating, the specimen showed additional peaks at 2θ = 35°, 38° and
40°, which corresponded peaks of Ti thin-film. This suggests that the high
crystalline Ti phase can be formed on the surface of the PEEK substrate even
without post heat-treatment, which is one of the most striking advantages of ebeam deposition. It should be also noted that the Ti coating layer had the
preferred orientation for the (002) plane (2θ = 38°), presumably due to its low
surface energy characteristics [69, 70].
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Hydrophilicity
The hydrophilicity of the specimens was evaluated using sessile drop
method. The contact angles were 71° ± 5.1° and 54° ± 2.4°, respectively,
which matched well with the literatures [71, 72]. These observations indicate
that the hydrophilicity of the PEEK was significantly improved by coating its
surface with the Ti layer.

Biological properties
in vitro cell behavior
The biological properties of the as-machined and Ti-coated PEEK
were evaluated by in vitro cell tests and in vivo animal test. The in vitro
cellular responses of the specimens were assessed in terms of initial cell
attachment, proliferation, and osteoblastic differentiation. The CLSM images
of the MC3T3-E1 cells cultured on the specimens for 3 hours are shown in
Figure 2.1.3(A) and (B). Both specimens revealed good cell attachment, in
which the red color represents the actin, indicating their good biocompatibility.
However, the cells appeared to grow and spread more actively on the Ticoated PEEK (Figure 2.1.3(B)) than those on the pure PEEK (Figure
2.1.3(A)).
The level of proliferation behaviors of cells after culture for 5 days
was determined by MTS method, as shown in Figure 2.1.4. The two
specimens exhibited a significant difference in the levels of proliferation (p <
0.001). The number of living cells on the Ti-coated PEEK surface was twice
as large as that on the as-machined PEEK surface. The ALP activities of the
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cells on the specimens after culture for 7 and 14 days are shown in Figure
2.1.5. As compared with the as-machined PEEK, the Ti-coated PEEK showed
a significantly higher ALP level (p < 0.001). ALP activity of cells cultured for
7 days on Ti-coated PEEK was even higher than that of the cells cultured for
14 days on the as-machined PEEK. These observations indicate that the Ti
coating layer could improve remarkably the cellular response of the PEEK.
The in vivo bone-to-implant contact was assessed using a rabbit tibial
defect model. In order to closely examine the efficacy of the Ti coating layer,
the half side of a PEEK screw was coated with a Ti layer with a thickness of 1
μm, as shown in Figure 2.1.6(A). The Ti-coated region appeared in the dark
contrast, which would allow it to be easily distinguished from the screw even
after extraction from rabbits, as shown in Figure 2.1.6(B).

in vivo analysis
Figure 2.1.7 shows the histomorphometric images of the stained
sections of (A) the PEEK side and (B) the Ti-coated side where the pink
colored and dotted areas are the bone tissues and the dark areas are the
implant material. There was a clear boundary, marked by dashed line, between
the new bone (indicated as ‘NB’) and the old bone (indicated as ‘OB’). Both
sides showed similar behavior, that is, the spaces between screw threads were
well filled with new bone. However, the pure PEEK side showed slight gap
between new bone and the implant material surface, indicated by arrows,
while the Ti-coated side showed tight contact.
The BIC ratio between bone and implant was calculated using an
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image analysis program and statistically treated, as shown in Figure 2.1.8. As
expected, the Ti-coated side showed a higher BIC ratio (p < 0.005). These in
vitro and in vivo tests suggest that e-beam coating is a very promising method
to coat the surface of the PEEK implant with the Ti layer, which can improve
its biocompatibility significantly.

2.1.4 Discussion
PEEK is recognized as a good implant material in hard tissue
engineering because of its good mechanical properties, low density and good
chemical resistance. However, its relatively low adhesion to bone tissue has
limited its wider application. Many studies have been steadily conducted to
overcome this limitation of the PEEK. Coating PEEK with a bioactive
substance is very effective technique for enhancing biocompatibility of the
PEEK, while maintaining its other advantages [62-65]. In this study, a thin Ti
layer was coated onto a PEEK substrate using the e-beam evaporation method,
and the effects of the coating on the biomedical performance of PEEK were
evaluated through in vivo and in vitro tests.
In hard tissue engineering, bioceramics, such as HA, tricalcium
phosphate (TCP) and bioactive glasses are representative coating materials for
enhancing the biocompatibility of metallic or polymeric implants. However,
in most cases, these materials require a post-coating heat treatment to ensure
their stability through the [66, 67]. Although PEEK has certain degree of
thermal resistance, the required high-temperature heat treatment can affect the
PEEK substrate. In contrast, Ti which is widely used for biomedical
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applications crystallizes at low temperature without any heat treatment [69,
70]. Therefore coating with Ti by e-beam deposition is a reasonable approach
for PEEK.
The main benefits of e-beam deposition noted in this study were the
undamaged substrate and the good stability of the coating layer, which were
confirmed by SEM, XRD and tensile bonding strength test. Ti layer coated
onto the PEEK observed by SEM revealed a dense, smooth, uniform and
crack-free without any trace of any substrate damage. The as-machined PEEK
showed typical XRD patterns of partially crystallized PEEK peaks. After Ti
coating, the typical PEEK peaks remained unchanged and no secondary phase
was observed. The bond strength between the Ti layer and the PEEK substrate
was in the range of 20 MPa, which is high enough to be used as a biomedical
coating layer.
The deposition rate played an important role during the coating
process because it affected the temperature inside the vacuum chamber, which
could thermally damage the PEEK substrate. In this system, the deposition
rate was controlled by the electron emission current, and chamber temperature
increased with increasing emission current. Therefore, the crystallinity and
mechanical properties of PEEK substrate would be degraded if the deposition
rate was so fast that the temperature inside the chamber exceeded the glass
transition temperature of PEEK (about 145 ºC) [73]. Namely, it was
confirmed that the e-beam process is very suitable method to deposit Ti onto
the PEEK and Ti- film obtained by e-beam deposition exhibit excellent quality.
All of the in vitro test results showed significant improvements in the
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biocompatibility after Ti coating. First of all, the cells were more widely
spread out on the Ti-coated PEEK than as-machined PEEK. Similar
tendencies were found for the level of proliferation measured by the MTS
method and the differentiation evaluated from the ALP activity. The MTS and
ALP activities of the cells on the as-machined PEEK surface doubled after Ti
coating. The ALP activity of the cells cultured for 7 days on the Ti-coated
PEEK was even higher than that of the cells cultured for 14 days on the asmachined PEEK cultured for 14 days. In general, the hydrophilicity and
cellular behavior exhibit a close relationship [74, 75]. In this study, the contact
angle changed from 72° to 54° after Ti-coating, suggesting that, not only the
chemical composition of the PEEK surface but also its hydrophilicity
contributed to the enhancement of its biocompatibility.
The effect of Ti layer on osseoconductivity of the implant was
investigated by in vivo animal tests using rabbit. The half-coated PEEK
screws exhibited different degrees of contact with the bone on the two sides in
the histomorphometric images. According to the numerical data, the Ti-coated
surface showed significantly higher BIC ratio than the bare-PEEK surface (p
< 0.05). The contact between the new bone and material was influenced by
the implant surface properties [12, 13]. However, the bare-PEEK (control) and
Ti-coated PEEK surfaces were not completely isolated but rather
interconnected through the flow of body fluids. Consequently, the effects of
each surface on the ingrowth of new bone were not completely independent,
which was one reason for the large deviation in the BIC values. These results,
including the hydrophilicity and in vitro test, confirmed the improved
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biocompatibility of the PEEK materials gained by the formation of the Ti
layer that was successfully coated onto the PEEK substrate using an e-beam
deposition. The potential application of PEEK as a hard tissue implant was
exceedingly improved by the Ti coating only. It is also notable that a more
biocompatible Ti oxide layer can be obtained by anodizing the Ti layer, and is
discussed later chapter.

2.1.5 Conclusion
In order to enhance the biocompatibility of PEEK, Ti was coated on
it and evaluated by applying in vitro cell tests and in vivo animal test. A dense,
uniform and stable Ti film was successfully coated on PEEK substrate
through an e-beam deposition method without any substrate damages. After Ti
coating, the osteoblast-like cell responses and BIC ratio observed by in vivo
animal test was significantly improved. These results indicate that this simple
coating method via an E-beam could enhance the usefulness of PEEK as an
implant material for hard tissue applications.
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Figure 2.1.1. Scanning electron microscopy (SEM) images of the surface of
(A) as-machined and (B) Ti-coated PEEK and (C) of the cross-section of Ticoated PEEK.
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Figure 2.1.2. X-ray diffraction (XRD) patterns of (A) as-machined and (B) Ti-

coated PEEK: ● stands for PEEK and ■ for Ti.
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Figure 2.1.3. Confocal laser scanning microscopy (CLSM) images of the
MC3T3-E1 cells on (A) as-machined and (B) Ti-coated PEEK cultured for 3
hours.
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Figure 2.1.4. Cell viability of the MC3T3-E1 cells cultured for 5 days on asmachined and Ti-coated PEEK (** : p < 0.001).
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Figure 2.1.5. Degree of differentiation of the MC3T3-E1 cells cultured for 7
and 14 days on as-machined and Ti-coated PEEK (** : p < 0.001).
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Figure 2.1.6. Optical images of the half-coated PEEK screws (A) before
implantation and (B) after extraction.
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Figure 2.1.7. Histomorphometric images of the stained sections of the (A) asmachined and (B) Ti-coated PEEK sides of the half-coated screws extracted
from rabbits 4 weeks after implantation. M stands for material, OB for old
bone and NB for new bone. Dashed lines indicate the boundary between the
new and old bone, and arrows indicate the interfaces between the new bone
and implant.
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Figure 2.1.8. Relative bone-in-contact ratios of the as-machined and Ticoated PEEK sides of the screws removed from the rabbits 4 weeks after
implantation (* : p < 0.05).
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2.2 Ti coating and anodic oxidation
2.2.1 Introduction
Various metals are widely used as implant materials mainly because
of their excellent mechanical properties. Among them, Co-Cr alloys, stainless
steel and Ti-based alloys are most widely used for hard tissue replacements,
such as THRs (total hip replacements), TKRs (total knee replacements) or
dental implants. Co-Cr alloys and stainless steel have the advantage of high
mechanical properties compared with Ti-based alloys [5, 6]. However, their
relatively low biocompatibility is one of the major problems limiting their
wider application [5]. On the other hand, Ti-based alloys are widely used
because of their superior biocompatibility and corrosion resistance. It is well
known that the biocompatibility of metallic implant materials is strongly
dependent on the surface oxide layer. The excellent biocompatibility of Ti and
its alloys is mostly attributed to the thin TiO2 layer that is formed
spontaneously in ambient air [1, 76, 77]. In addition, the biocompatibility of
Ti can be further improved by modifying the structure, morphology and
composition of the oxide layer.
Various physical and chemical treatments of the Ti surface have been
proposed. Among them, increasing the surface roughness, the formation of
TiO2 on the surface by an oxidation process and the incorporation of Ca or P
ions into the surface layer have been found to be beneficial to the osteoblastic
cell activity [11, 14, 15, 78, 79]. Recently, the MAO process was successfully
applied to form a rough TiO2 layer on the Ti surface. MAO is a kind of
electrochemical procedure that enables the formation of a relatively thick TiO2
layer by applying a positive voltage above a certain threshold to the Ti. In this
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process, the repeated dielectric breakdown and regeneration of TiO2 result in a
porous and rough surface [25, 26]. The incorporation of Ca and P ions from
the electrolyte is another advantage of MAO treatment [27, 28]. Previous in
vitro and in vivo tests clearly indicated that the oxide layer formed by MAO
treatment offered a better environment for osteoblastic cells [30, 32].
However, not all metals can be treated by the MAO process. The
surface modification of Co-Cr alloy or stainless steel by MAO treatment is
impossible, because their passive oxide layer enters into a transpassive region
and dissolves easily at high positive potential [20-24]. Therefore, it is
desirable to combine the surface properties of Ti with the mechanical
properties of Co-Cr alloy or stainless steel. In this study, to improve the
biocompatibility of Co-Cr alloy while maintaining its high mechanical
properties, Ti was coated on the surface by e-beam deposition. E-beam
deposition is a simple process which allows a dense and uniform film to be
generated on any substrate [16, 17, 66, 67]. The biocompatibility was further
improved by the MAO treatment of the Ti layer. The biological properties of
the coating layers were evaluated by in vitro cell tests, including the cell
attachment, proliferation and differentiation of a suitable cell line, in order to
confirm the improvement of the biocompatibility of the specimens.

2.2.2 Experimental procedure
Ti coating on Co-Cr alloy
Co-Cr alloy substrates with dimensions of 10 × 10 × 2 mm3 were
prepared, polished with a 1000-grit SiC abrasive paper and then cleaned
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ultrasonically. As a target material, commercially-pure Ti plates (grade 2,
Kahee Metal, Korea) with dimensions of 10 × 10 × 2 mm3 were similarly
prepared. All ultrasonic cleaning processes were carried out in acetone,
ethanol and distilled water successively for 3 min each. Ti was coated onto
Co-Cr alloys using e-beam evaporator. The substrates were mounted on the
rotating holder in a vacuum chamber and cleaned by an Ar ion beam with a
voltage and current of 90 V and 1.5 A, respectively, for 20 min before Ti
coating. A Ti layer was then coated on the substrate at a rate of about 0.1 nm/s
up to a thickness of 10 μm. During the coating process, the substrate holder
was rotated at 20 rpm to achieve a uniform thickness.

MAO treatment
After the Ti coating, the specimens were oxidized electrochemically
by the MAO process. The MAO treatments of the prepared specimens were
carried out in an aqueous electrolyte containing Ca and P sources by applying
a pulsed DC field [Table I.2]. To find the relationship between the applied
voltage and MAO behavior, two DC fields (270, 350 V) were applied to the
specimens. All of the MAO treatments were carried out in a water-cooled
glass bath using a Ti plate as a counter electrode for 3 min.

Characterization
The phase and microstructure of the specimens were evaluated by
XRD analysis and SEM, respectively. In order to observe the interfaces
between the substrate and Ti layer, and Ti and TiO2 layers, the cross section
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images of the specimens were investigated. The composition across the
specimen was analyzed by an energy dispersive spectroscope (EDS). The
bond strength of the coating layers (Ti and TiO2) was determined by tensile
tests. For tensile tests, an aluminum stud was mounted on the surface layer
with epoxy glue and hardened by heat treatment for 1 hour at 150 °C.

in vitro cell test
The biological properties were evaluated by conducting in vitro cell
tests using an MC3T3-E1 cell line. The specimens MAO treated at 270 V
were sterilized by immersing them in 70% ethanol for 30 min. The preincubated cell line was placed onto the specimens with a density of 5, 3,
1×104 cells/ml for the attachment, proliferation and differentiation,
respectively and then cultured in a humidified incubator with 5% CO2 at
37 °C. α-MEM supplemented with 5% FBS and 1% penicillin-streptomycin
was used as the culturing medium. For the differentiation test 10 mM β-GP
was added to α-MEM with 50 μg/ml ascorbic acid. After 5 h of culturing, the
cells on the specimens were fixed with 2.5% glutaraldehyde (Merck, Germany)
in DPBS for 10 min, washed in DPBS, dehydrated with elevated
concentration of ethanol (70, 90, 95 and 100%; EmSure®, Merck, Germany)
and the ethanol was substituted by 1,1,1,3,3,3-hexamethyldisilazane (Acros
Organics, Belgium) for 10 min, twice. The proliferation behavior of the cells
over a period of 5 days was determined by the MTS method. The ALP activity,
which corresponds to the degree of differentiation of the cells, was measured
after 10 days of incubation. The detailed experimental procedures for post-
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treatment of proliferation and differentiation tests were described in chapter
2.1.2. The experimental data of the biological tests were expressed as means ±
standard deviations (SD) for n = 3. The statistical analysis was performed via
a one-way analysis of variance (ANOVA). The differences were considered to
be significant at p < 0.05.

2.2.3 Results
Characterization
Surface morphology
The changes in the surface morphology of specimens at each step
were observed by scanning electron microscopy. Figure 2.2.1 shows the
scanning electron microscopy images of the specimens; (A) as-machined, (B)
Ti-coated (5 μm) and MAO-treated specimens at (C) 270 V and (D) 350 V.
The Co-Cr alloy substrate was ground with 1000-grit SiC sandpaper after
machining. The surface of the as-machined Co-Cr alloy had sharp machining
grooves. Also, machining debris was observed on the surface, as shown in
Figure 2.2.1(A). When Ti was coated on this Co-Cr substrate, a typical
coating morphology was observed, as shown in Figure 2.2.1(B), with traces of
the machining grooves still being visible and many small particles newly
formed on the surface. These were identified as Ti particles apparently formed
during the Ti deposition process with the Co-Cr debris as nucleation sites. The
thickness of the Ti-coating layer was about 5 μm. When the Co-Cr substrate
coated with Ti was MAO treated in the electrolyte at each applied voltage, the
surface morphology was markedly changed, as shown in Figure 2.2.1(C, D).
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All of the machining grooves and spherical particles disappeared. Instead, the
surface became rough and porous, as clearly shown in Figure 2.2.1(C, D). The
surface morphologies of MAO-treated alloy specimens corresponded to those
of MAO-treated Ti specimens, as shown in Figure 1.4(C, D).

Phase and composition
The phases of the specimens were identified by X-ray diffraction
(XRD) analyses. The XRD pattern of the as-machined Co-Cr is shown in
Figure 2.2.2(A). There is only one peak corresponding to the Co-Cr alloy.
When Ti with a thickness of 5 μm was coated on the substrate by E-beam
deposition, strong Ti peaks were detected and the peak of the Co-Cr
disappeared, as shown in Figure 2.2.2(B). Interestingly, the Ti coating layer
had a preferred orientation. In contrast to bulk Ti, the peak corresponding to
the (002) plane (2θ = 38°) was dominant over the other peaks. The (002)
orientation was reported to be the preferred orientation of Ti film, because it
has a low surface energy [69, 70]. When the Ti-coated specimen was MAO
treated at 270 V, peaks of TiO2 in the anatase phase were detected in addition
to those of Ti, as shown in Figure 2.2.2 (C). This XRD pattern indicates that
the Ti layer is still present between the TiO2 layer and Co-Cr substrate.
The polished cross section of the MAO-treated specimen was
observed by SEM and EDS. Figure 2.2.3(A) shows the SEM image of the
cross section of the MAO-treated specimen. At first, it seemed as though there
were only two regions, the metallic substrate region and the porous TiO2
region above it. However, when these regions were observed in the back-
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scattered image, the metallic region was found to be actually composed of two
separate regions, as shown in Figure 2.2.3(B). These two metallic regions are
clearly the Co-Cr substrate region and Ti coating layer, respectively. The
composition of the three regions was confirmed by the EDS analysis, as
shown in Figure 2.2.4. In region (a) of Figure 2.2.3(B), peaks of Co and Cr
were detected and in region (b) only peaks corresponding to Ti were detected,
as shown in Figure 2.2.4. In region (c), peaks of Ca and P were detected along
with those of Ti and O, indicating that Ca and P ions were incorporated into
the TiO2 layer during the MAO process. These EDS spectra confirm the XRD
results in Figure 2.2.2(C), which showed the presence of Ti along with TiO2
after the MAO treatment. Based on these morphological and compositional
analyses, whole procedure for the coating layer formation is schematically
shown in Figure 2.2.5. Figure 2.2.5(A, B) show as-machined Co-Cr substrate
and Ti coating on it, respectively. After MAO treatment, part of Ti was turned
into a porous and rough TiO2 layer, as shown in Figure 2.2.5(C).

Biological properties
The biological characteristics were evaluated by conducting in vitro
cell tests, including cell attachment, proliferation and differentiation. The
scanning electron microscopy images of the MC3T3-E1 cells cultured on the
specimens for 5 h are shown in Figure 2.2.6. The cells attached well to the
Co-Cr surface, as shown in Figure 2.2.6(A). When the same cells were seeded
on the Ti-coated specimen, the cells also attached well, as shown in Figure
2.2.6(B). The cells were attached most closely on the MAO-treated specimen,
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as shown in Figure 2.2.6(C).
The degree of proliferation of the cells was determined by the MTS
test. There were no significant differences in the proliferation of the cells
depending on the specimens (p > 0.05), as shown in Figure 2.2.7. These
results suggest that all of the surfaces tested in this experiment, i.e., the Co-Cr
alloy, Ti coating layer, and TiO2 formed by the MAO treatment, are favorable
for cell attachment and proliferation.
In contrast to the proliferation behavior, the ALP activity of the cells
was strongly influenced by the surface composition of the specimens. The
ALP activity of the cells on the Ti-coated specimen after 10 days showed a
significant improvement compared to that on the Co-Cr alloy (p < 0.005).
When the Ti coating layer was MAO treated, the ALP activity of the cells on
the specimen improved further, as shown in Figure 2.2.8.

2.2.4 Discussion
The purpose of this study was to improve the biocompatibility of
metallic implant materials such as Co-Cr alloys or stainless steel by forming a
porous oxide layer on the surface. Co-Cr alloys and stainless steel are
attractive implant materials from the point of view of their mechanical
properties and cost. However, their relatively low biological activity hinders
their wider application. Ti is well known to be one of the most biocompatible
metals. Therefore, coating the Co-Cr alloy (or stainless steel) with Ti is a
simple method of enhancing its biocompatibility while maintaining its
excellent mechanical properties. Actually, when Ti was coated on the Co-Cr
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surface, the ALP activity of the cells increased markedly, as shown in Figure
2.2.8. Ti layer on Co-Cr was so dense and uniform that the interface was not
distinguishable (Figure 2.2.2(A)) and the bond strength was very high [60-80
MPa].
Even though the biocompatibility of the Co-Cr alloy was improved
by the Ti coating, this is not the main purpose of this research. The
biocompatibility of the Co-Cr alloy was further enhanced by the formation of
a porous TiO2 layer by the micro-arc oxidation of the Ti coating layer. It is
well known that the excellent biocompatibility of Ti is actually attributable to
the TiO2 film that is formed spontaneously in an ambient atmosphere. Recent
researches showed that if the TiO2 layer is thick and porous, it provides even
better surroundings for the osteoblast cells activities [27, 30]. Micro-arc
oxidation is an ideal process to make a thick and porous oxide layer on the
metal surface. The repeated passivation and dielectric breakdown induced by
this process makes the oxide layer rough and porous. However, not all metals
can be treated by the micro-arc oxidation process. For the MAO process,
passivation at the anode side should occur and the oxide layer formed on the
metal surface should be stable in the working electrochemical environment.
For these reasons, Co-Cr alloy and stainless steel are not able to be micro-arc
oxidized [20-25]. However, when these materials are coated with Ti, their
surface characteristics are exactly the same as those of Ti. Therefore, the Ticoated metals can be micro-arc oxidized to form porous TiO2 on the surface.
The effect of the thickness of the Ti coating on the MAO process was
also investigated. When the Ti coating layer was too thin, the Co-Cr substrate
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was occasionally exposed to the electrolyte during the MAO process due to
the dielectric breakdown of the TiO2 layer. Once the Co-Cr substrate is
exposed to the electrolyte, the voltage drops rapidly, due to the current
leakage through the channel, so that further MAO is impossible. The
minimum thickness required for stable MAO treatment was dependent on the
applied voltage; with increasing voltage, the minimum required Ti coating
thickness increased. In the present experiment, the applied voltage reached up
to 350 V. For stable MAO treatments with this voltage, the Ti coating layer
should be thicker than 3 μm. The coating thickness in this research was in the
range from 3 to 5 μm.
As in the case of the MAO treatment of bulk Ti, there was a close
relationship between the phase and surface morphology of the TiO2 layer and
the applied voltage. With increasing applied MAO voltage, the pore size and
thickness of the TiO2 layer increased [30]. However, the Ti coating thickness
had no influence on the phase and morphology of the TiO2 layer as long as the
Co-Cr substrate is not exposed to the electrolyte. The bond strength between
the Ti and the TiO2 was in the range of 20 MPa, which is high enough for
most of biomedical purposes [80].
The biological properties of the specimens were evaluated by
conducting in vitro cell tests. The cell attachment and proliferation rate tests
indicate whether the specimens offer a biologically favorable environment or
not. All of the specimens showed similar cell morphologies and proliferation
rates. That is, none of the specimens showed any cytotoxicity, including the
Co-Cr alloy used as a control. The ALP activity is regarded as a marker for the
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early stages of cell differentiation. In the cases of the Ti-coated and MAOtreated specimens, there was a significant increase of the ALP activity
compared to the Co-Cr specimen. In other words, it was found that the
biocompatibility of the Co-Cr alloy was enhanced by changing its surface
characteristics.
It is also notable that this method is applicable to any other metal that
is not able to be used as an implant material because of its low
biocompatibility, even if it has other advantages, such as good mechanical
strength, economical merits and other beneficial physical properties. For
example, MAO-treated layer was fabricated on PEEK substrate, as shown in
Figure 2.2.9.

2.2.5 Conclusion
A porous and adherent TiO2 layer was formed on Co-Cr alloy by
coating it with Ti through e-beam deposition followed by the MAO process.
The MAO behavior and characteristics of the MAO-treated specimen were
similar to those of pure Ti. The biocompatibility of Co-Cr was markedly
increased by coating it with Ti and was improved further by the formation of
the TiO2 layer.
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Figure 2.2.1. SEM images of surface of (A) as-machined, (B) Ti-coated (5
μm) and MAO-treated specimens at (C) 270 V and (D) 350 V.
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Figure 2.2.2. XRD patterns of (A) as-machined, (B) Ti-coated and (C) MAOtreated specimens: (■) stands for Co-Cr alloy, (○) for Ti and () for anatase
TiO2.
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Figure 2.2.3. SEM cross-sectional images with (A) secondary electron and (B)
back scattered electron images of MAO-treated specimen.
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Figure 2.2.4. EDS spectra of regions in Fig. 3(B); (a) Co-Cr alloy substrate,
(b) Ti and (c) TiO2 layer
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Figure 2.2.5. Schematic cross-sectional diagrams of (A) as-machined, (B) Ticoated and (C) MAO-treated substrates.
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Figure 2.2.6. SEM images of MC3T3-E1 cells after culturing for 5 hours on
(A) as-machined, (B) Ti-coated and (C) MAO-treated specimens.
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Figure 2.2.7. Degree of proliferation of MC3T3-E1 cells cultured for 5 days
on as-machined, Ti-coated and MAO-treated specimens.
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Figure 2.2.8. ALP activity of MC3T3-E1 cells cultured for 10 days on asmachined, Ti-coated and MAO-treated specimens. (n = 3, *: p < 0.005, **: p
< 0.001)
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Figure 2.2.9. (A) The scanning electron microscopy images of MAO-treated 5
μm Ti-coated PEEK and (B) X-ray diffraction pattern of it: (●) stands for CoCr alloy, (■) for Ti and () for anatase TiO2.
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2.3 Hierarchical micro/nano-porous surface
2.3.1 Introduction
It is well known that micro-scaled surface structure can improve
osteoblast biocompatibility [11, 81]. In addition, cell-to-tissue interactions
such as surface sensing and binding occur in nanoscale, therefore nanoscaled
surface structure is important [82, 83]. The natural biological tissues have
complex hierarchical structure. For example, natural bone tissues are
composed of nanoscaled apatite crystal and collagen fibrils and microscaled
osteon[55]. Therefore a surface that mimics the hierarchical micro/nano-scale
of natural tissues may be more effective for cellular activity. Some methods
have been proposed to obtain the hierarchical micro/nano-scaled surface.
Kubo et al. deposited TiO2 nanonodles on the micropitted Ti surface [84], Gao
et al. and Zhao et al. made TiO2 nanotubes by anodizing etched Ti substrate
[85, 86].
In this chapter, we developed new method for fabricating the
hierarchical micro/nano-porous TiO2 layer to improve the biocompatibility by
mimicking the natural tissues. To obtain micro- and nano-porous surfaces,
electrochemical treatments were applied. The micro-arc oxidation (MAO) is
an electrochemical treatment which produces rough and micro-porous thick
oxide layer on the metal surface by repeating dielectric breakdown and
regeneration of passive layer. Many previous in vitro and in vivo tests
indicated that the MAO-treated surface showed improved osseointegration.
More recently, this technic has been used for commercial products [30, 32].
Anodic titanium nanopores (ATN) process is another electrochemical
treatment that enhances the biocompatibility by fabricating nano-sized porous
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surface. Many studies have discussed the benefits of the nano-sized surface
structure for cell activities. Drug loading and protein adsorption ability are
also advantages of ATN-treated nano-porous structure in biomedical
applications [42, 43, 87, 88]. However, due to the difference of the pore
formation mechanisms, simple sequential oxidation process was not valid for
this system. The thick stable passive layer of MAO-treated porous layer did
not react with the electrolyte under ATN treatment condition. Ti coating
helped the formation of anodic TiO2 oxide layer on any substrates, as
mentioned in Chapter 2.2. Therefore, thin Ti layer was coated onto the MAOtreated substrate as a source of the nano-porous oxide layer by electron beam
deposition (e-beam deposition). Ti-coated and MAO-treated substrate was
ATN treated for the formation of nano-porous layer.
The effect of hierarchical micro/nano-porous TiO2 layer on the
biological properties was assessed by conducting in vitro cellular test. The in
vitro cellular behaviors were evaluated in terms of the initial cell attachment,
viability and differentiation using MC3T3-E1 cell line.

2.3.2 Experimental Procedure
MAO treatment
Commercially-pure Ti plate (grade 2, Kahee Metal, Korea) with
dimensions of 10 × 10 × 1 mm3 was prepared as a substrate and then ground
with a 1000-grit SiC abrasive paper and cleaned ultrasonically. All of the
ultrasonic cleaning processes were conducted successively for 3 min in each
of acetone, ethanol and distilled water. MAO treatment of prepared specimen
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was carried out in an aqueous electrolyte containing Ca and P source by
applying a pulsed DC field [Table I.2]. The MAO processing was carried out
at 270 V for 3 min in a water-cooled glass bath using a SUS plate as a counter
electrode.

Ti coating on MAO
Thin Ti layer which is source of nano-porous TiO2 layer was coated
by e-beam evaporator. Commercially-pure grade Ti plate which was same as
substrate was prepared as target material. It was ground with a 110-grit SiC
abrasive paper and cleaned ultrasonically. The MAO-treated Ti substrate was
mounted on the rotating holder in a vacuum chamber and cleaned by Ar ion
beam with 90 V and 1.5 A for 20 min before Ti coating. Ti layer was then
coated on the substrates at a rate of about 0.1 nm/s. During the coating process,
the substrate holder was rotated at 5 rpm to achieve a uniform thickness. To
find relationship between thickness and surface roughness of, Ti was coated
with a wide range of thickness (500 nm to 2 μm).

ATN treatment
The as-machined Ti and Ti-coated MAO-treated Ti substrate was
electrochemically oxidized by ATN treatment to fabricate the nano-porous
layer. ATN treatment of the substrate was carried out in an ethylene glycol
based electrolyte [Table I.2] by applying DC field (HD-9001D, FinePower,
Korea) for 20 min with a Ti plate as the cathode. The range of applied DC
field was from 30 V to 90 V. In this study, HTO treatment was defined as ATN
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treatment of Ti-coated MAO-treated substrate to fabricate hierarchical
micro/nano-porous TiO2 layer. The designations of the specimens were
summarized in Table II.1.

Characterization
The relationship between thickness of Ti layer and roughness of
MAO-treated substrate and changes of surface microstructure of the
specimens during process were evaluated by field emission scanning electron
microscopy (FE-SEM; JSM-6330F, JEOL, Japan). To observe the effect of
applied voltage of MAO treatment on the hierarchical structure, the
microstructure of MAO substrate treated at 350 V was also examined. The
phase change during process was examined by XRD analysis. The
hydrophilicity of the specimens was evaluated by sessile drop method.
Distilled water drop was applied onto each specimen and photographed with a
CCD camera connected to a goniometer. The contact angle between the
distilled water drop and specimen surface was calculated using analysis
program

in vitro cell test
The biological properties of surface treated specimens were
evaluated by conducting in vitro cell tests using a MC3T3-E1 cell line. The
specimens were sterilized by being immersed in 70% ethanol for 30 min and
then exposed to UV irradiation overnight. The pre-incubated cell line was
placed onto the specimens at densities of 5×104, 3×104 and 1×104 cells/ml for
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cell attachment, proliferation and differentiation, and then incubated in a
humidified incubator with 5% CO2 at 37 °C for 3 hours, 3 days and 10 days,
respectively. α-MEM supplemented with 10% FBS and 1% penicillinstreptomycin was used as the culturing medium. For the differentiation test 10
mM β-GP was added to α-MEM with 50 μg/ml ascorbic acid. The cell
attachment behaviors were observed by CLSM (FluoView FV1000, Olympus,
Japan). The proliferation behavior of the cells was determined by MTS
method. The degree of differentiation of the cells was assessed by measuring
the ALP activity. The detailed experimental procedures for post-treatment of
attachment, proliferation and differentiation tests were described in chapter
2.1.2. The experimental data of the biological tests were expressed as means ±
standard deviations (SD) for n = 3. The statistical analysis was performed via
a one-way analysis of variance (ANOVA). The differences were considered to
be significant at p < 0.05.

2.3.3 Results
Characterization
Relationship between Ti thickness and surface morphology
The relationship of the thickness of Ti layer and the surface
morphology was observed by scanning electron microscopy images. Figure
2.3.1 shows scanning electron microscopy images of surface of (A, B) MAOtreated substrate, and TM-treated substrates with a thickness of (C, D) 500 nm,
(E, F) 1 μm and (G, H) 2 μm. The applied voltages of MAO treatment was
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270 V and 350 V, which were shown in Figure 2.3.1(A, C, E, G) and Figure
2.3.1(B, D, F, H), respectively. After MAO treatment rough and micro sized
porous TiO2 layer was fabricated throughout the surface, as shown in Figure
2.3.1(A, B). The pore size and the shape of the pore crater were different with
the applied voltages. When the applied voltage was 270 V the shape of craters
was round. When the applied voltage was 350 V the shape of crater was rather
polygonal and pore size increases much more. In the case of MAO-treated Ti
at 270 V, after 500 nm of Ti layer was deposited on it, pore size and roughness
decreased slightly. However, when Ti layer was deposited with more than 1
μm, almost pore was closed with Ti layer and roughness decreased
significantly, as shown in Figure 2.3.1(C, E, G). On the other hands, the pores
of the MAO-treated Ti at 350 V were completely closed when the thickness of
Ti layer was 2 μm, as shown in Figure 2.3.1(D, F, H). In this study, the MAO
substrate with an applied voltage of 270 V was used for in vitro cell test.
Therefore, thickness of Ti layer was determined to 500 nm, to avoid pore
closure.

Surface morphology
The change of surface morphology during whole process was
observed with high magnification FE-SEM images. Figure 2.3.2 shows the
surface of (A) Ti, (B) ATN, (C, D) MAO, (E, F) TM, (G, H) HTO and crosssection of (I, J) HTO. The applied voltages of MAO treatment was (C, E, G, I)
270 V and (D, F, H, J) 350 V, respectively. Ti has machining grooves on its
surface. After ATN treatment, nano-porous oxide structure with pore size of
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about 70 nm was fabricated. And machining grooves was still remained on the
oxide layer, as shown in Figure 2.3.2(A, B). Compared with smooth crater of
MAO, nano-sized Ti grain was observed on the crater of TM, as shown in
figure 2.3.2(C-F). After HTO treatment, nano-porous layer was fabricated on
the crater regardless of applied voltages of MAO treatment, as shown in
Figure 2.3.2(G, H). The thickness of MAO-treated layer was quite different.
When the applied voltage was 350 V, the thickness of the MAO-treated layer
was much thicker, as shown in Figure 2.3.2(I, J). It is confirmed that nanoporous TiO2 layer was formed on the MAO-treated substrate, with remained
Ti layer which is indicated by arrows. The diameter and the thickness of nanopores measured from the surface and cross-sectional images, was about 70 nm
and 500 nm, respectively. These results also suggest that hierarchical
micro/nano structure can be formed on any micro-structured substrate. The
relationship of morphology of nano-porous layer and ATN treatment voltage
was also examined. Figure 2.3.3 shows the FE-SEM images of surface
morphologies of HTO treated specimens by applying DC fields at 270 V for
MAO treatment and at (A) 30 V, (B) 60 V and (C) 90 V. for ATN treatment,
respectively. The size of nano-pores increased from 40 to 100 nm as applied
voltage increased from 30 to 90 V. WheFrom this result it is confirmed that
surface pore structure could be easily controlled by controlling the applied
voltage.

Phases
Figure 2.3.4 shows the X-ray diffraction patterns of (A) Ti, (B) ATN,
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(C) MAO (D) TM and (E) HTO. Typical Ti peaks were detected at 2θ = 35°,
38°, 40° on Ti specimen and no additional peak was defected after ATN
treatment because ATN layer was amorphous. After MAO treatment, new
peaks corresponded to anatase TiO2 phase were detected at 2θ = 25°, 37.5°,
48°, as shown in Figure 2.3.4(C). In the XRD patterns of TM specimens,
intensity of Ti phase at 2θ = 38° which has lowest energy [69, 70] increased,
while intensity of peaks of anatase TiO2 phase slightly decreased, as shown in
Figure 2.3.4(D). After HTO treatment, the intensity of Ti peaks decreased and
the intensity ratio of Ti to anatase TiO2 became same to it of MAO specimen,
as shown in Figure 2.3.4(E).

Hydrophilicity
The hydrophilicity of each surface was evaluated using sessile drop
method. Figure 2.3.5 shows the optical images of sessile drops and contact
angles between the sessile drops and the surface. The contact angles of the Ti
were 55.9° ± 0.7°, which matched well with the literatures [72]. The contact
angles of ATN and MAO were 17.1° ± 2.3°, 36.2° ± 1.5°, respectively. After
HTO treatment, the contact angle decreased to nearly zero. In this result, the
enhanced biocompatibilities of ATN, MAO and HTO could be expected.

Biological Properties
The biological properties of the surface treated specimens were
evaluated using in vitro cellular behavior test in terms of initial cell
attachment, proliferation and differentiation. Figure 2.3.6 shows CLSM
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images of MC3T3-E1 cells cultured for 3 hours on (A) Ti, (B) ATN, (C) MAO
and (D) HTO. The red and blue colors in the images represent f-actin and
nucleus of the cell, respectively. For all the specimens, similar amounts of cell
attached on the surface and spread well. However, the cells cultured on the
ATN, MAO and HTO-treated surface appeared to spread more actively than
Ti substrate.
The degree of the proliferation of the MC3T3-E1 cells determined by
the MTS method was shown in Figure 2.3.7. The diagram shows the cell
viabilities of the Ti, ATN, MAO and HTO specimens after culturing for 3 days.
There were no significant differences in the proliferation level of the cells on
each specimen (p > 0.05). These results, including attachment test, indicates
that all specimens offered favorable environment for the cell to attach and
proliferate.
The level of initial cell differentiation evaluated by the ALP activities
of the MC3T3-E1 cells cultured for 10 days on as-machined, MAO-treated
and HTO-treated specimens were shown in figure 2.3.8. In contrast to the
proliferation results, the ALP activities were significantly influenced by the
surface properties of the specimens. MAO-treated substrates did not show
improved ALP activity, however HTO-treated substrate showed further
improved ALP activities than those of other substrates. (p < 0.05)

2.3.4 Discussion
Many surface modifications have been proposed to enhance the
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biocompatibility

of

the

Ti

based

implant

material,

because

the

biocompatibility has close relationship with the surface properties [11-15].
The nature bone has hierarchical structures which are consist of nano- to
macro-scale building blocks [55]. For the cells, hierarchical micro/nano
structure which mimics nature bone structure could provide more favorable
surface [84-86]. The positive effects of rough and micro-porous TiO2 layer of
micro-arc oxidized surface on the osteoblast cellular behavior have been
reported, and this method is applied to commercial products, recently.
Originally, anodic titania nano-porous (or nano-tubular) structure was used in
the field of sensor or photocatalyst [34-39]. Their nano-scale structure was
also effective to biocompatibility [40-44]. In this chapter, biocompatibility of
Ti was further improved by formation of biomimetic hierarchical micro/nanoporous TiO2 layer.
The pore formation mechanisms of two oxidation treatments are
quite different, as shown in Figure 2.3.9. Generally, the thickness of the
passive layer during the electrochemical oxidation was proportion to the
applied voltage [24]. During MAO treatment, thick passive layer is produced
and even it is crystallized by the heat of the micro-arc [25, 26, 30]. On the
other hand, during the ATN treatment process, the ion exchange occurs
through the thin amorphous passive layer [47]. If ATN treatment is applied to
MAO-treated substrate, applied voltage is so low that the ions cannot pass
through the preformed thick crystallized oxide layer and reaction would not
be occurred. Therefore to obtain the hierarchical micro/nano-porous structure
pure Ti layer is needed as a metal ion source. The thickness of pure Ti coating
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layer is also one of the important factors. As the thickness of Ti layer increase,
micro-pores is closed and surface roughness decreases, as shown in Figure
2.3.1(C, D). Because the purpose of this experiment was fabrication of the
surface which have hierarchical micro/nano-pores with certain roughness, the
thickness of Ti layer was fixed at 500 nm during whole process.
The nano-pore size was also one of the important factors because it
was directly related to cellular behavior. The nano-pore size could be
controlled by controlling ATN treatment voltage [89, 90]. The nano-pore size
was increased from 40 nm to 100 nm as the applied voltage increased from 30
V to 90 V. Several groups reported that osteoblast like cell preferred the nanopore size from 70 nm to 100 nm [40, 46] which could be obtained when the
applied voltage was above 60 V, in this study. However, because of too thin Ti
layer, nano-porous layer was delaminated from the MAO treated surface when
the applied voltage was 90 V. Therefore the ATN treatment voltage was fixed
at 60 V for other evaluation.
ATN, MAO and HTO specimens showed improvement in the
biological properties, compared to Ti. The very initial cell densities on the all
of the specimens which measured CLSM images of cell attached for 3 hours
were similar. The MC3T3-E1 cells attached on the Ti showed well spread
morphology, however, more of those on the ATN, MAO and HTO specimens
showed star-shaped morphology which is similar to osteocyte [91]. The
degree of the cell proliferation was not significance difference between
specimens, however, the degree of the cell differentiation showed significant
differences. ATN, MAO specimens showed increased ALP activities than Ti,
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which corresponded to former studies [30, 32, 42]. In addition, HTO
specimen showed further increased ALP activity than other specimens.
Because cellular response with the specimen surface occurred from the nanoto micro- scale, hierarchical surface of the HTO specimen may affect the cell
attachment and differentiation [57, 84-86].
The protein adsorption ability of nano-porous TiO2 and wide
application are other merits of this method. The incorporation of bioactive
protein such as BMP-2 into material surface is important issue of biomedical
implant area [87, 92, 93]. Enhanced protein adsorption ability of Ti based
implant material was expected with this method. The potential of the protein
adsorption ability of the nano-porous surface was preliminary evaluated using
green fluorescent protein (GFP) adsorption test. To compare the protein
adsorption properties of Ti, MAO-treated, and HTO-treated surfaces,
specimen which had all surfaces was fabricated. The half of the MAO-treated
substrate was coated with Ti and HTO treated. The middle of HTO-treated
part was scratched with sharp pin. On the specimen, GFP (AIMHI Inc.,
Suwon, Korea) was adsorbed by immersing. Figure 2.3.10(A) shows the
optical images of the specimens with 3 surfaces. The T, M, H in the images
represents Ti and MAO-treated, HTO-treated surface, respectively. Ti surface
showed shiny metallic color and MAO, ATN-treated surfaces showed greyblue and green colors, respectively. Figure 2.3.10(B, C) show the junction of
the 3 surfaces of the specimen observed with SEM and CLSM respectively.
The intensity of the green signal was highest at the HTO-treated surface and
lowest at the Ti surface. It means the more protein was adsorbed on HTO-

71

treated surface than other surfaces. The highest hydrophilicity of the HTO
layer is one reason of high protein adsorption property of HTO layer. The
potential of the specimen was preliminary confirmed, but deeper studies are
needed.
It is also notable that this method can be applied to another
hierarchical micro/nano structure. Other metallic biomaterials, such as SUS or
Co-Cr alloys have the advantages of economical merits or high mechanical
properties

compared

with

Ti-based

alloys.

However,

relative

low

biocompatibilities have limited wider applications of those materials.
Therefore, many surface modifications, such as sandblasting which produce
micro-scale surface structure, have been conducted to improve their
biocompatibilities [94]. However, nano-porous oxide layer also cannot be
formed on SUS or Co-Cr which have microscale surface structure directly by
ATN treatment because of their passive layer properties. The passive layers of
SUS and Co-Cr enter into a transpassive state and dissolved easily at high
applied voltage [20-23]. Therefore, biocompatible hierarchical micro/nano
surface structures could be obtained by Ti coating and ATN treatment.

2.3.5 Conclusion
The micro-porous TiO2 layer was formed on the Ti by MAO
treatment for enhanced biocompatibility. And hierarchical micro/nano-porous
layer was formed by Ti coating on the MAO-treated Ti and ATN treatment of
it for further enhanced biocompatibility. A uniform hierarchical micro/nanoporous TiO2 film was successfully formed on Ti substrate when 500 nm of Ti
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was coated on MAO-treated Ti and ATN treated. After fabrication of the
hierarchical micro/nano-porous TiO2 layer, the responses of osteoblast-like
cells, especially level of ALP activity, were significantly improved. The
hierarchical micro/nano-porous layer also has potential of higher protein
adsorption property than other surface. The wide applications of fabrication
method of hierarchical micro/nano-structure to other system are also expected.
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Table II.1. Designations of the specimens

Name

Description

Ti

As-machined Ti

ATN

ATN-treated Ti

MAO

MAO-treated Ti

TM

Ti-coated MAO

HTO

HTO-treated TM
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Figure 2.3.1. Scanning electron microscopy images of (A, B) MAO-treated
surfaces and TM-treated surfaces with (C, D) 500 nm, (E, F) 1 μm, (G, H) 2
μm of thickness. The applied voltages of the MAO treatment were (A, C, E, G)
270 V and (B, D, F, H) 350 V, respectively.
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Figure 2.3.2. High magnification scanning electron microscopy images of the
surface of (A) Ti, (B) ATN, (C, D) MAO, (E, F) TM ,(G, H) HTO and crosssection of (I, J) HTO. The applied voltages of the MAO treatment were (C, E,
G, I) 270 V and (D, F, H, J) 350 V, respectively. Arrows in (I, J) indicate the Ti
layer.
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Figure 2.3.3. Scanning electron microscopy images of the surface of HTOtreated surface with varity of applied voltage of ATN treatment; (A) 30 V, (B)
60 V and (C) 90 V. The applied voltage of the MAO treatment was 270 V
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Figure 2.3.4. XRD patterns of (A) Ti, (B) ATN, (C) MAO, (D) TM and (E)
HTO. (■ : Ti, ● : anatase TiO2)
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Figure 2.3.5. Optical images of sessile drops and wetting angle of the drops
on each specimen surface.
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Figure 2.3.6. Confocal laser scanning microscopy images of the MC3T3-E1
cells cultured for 3 hours on (A) Ti, (B) ATN, (C) MAO and (D) HTO.
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Figure 2.3.7. Cell viability of MC3T3-E1 measured by MTS method cultured
for 3 days on Ti, ATN, MAO, HTO.
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Figure 2.3.8. Level of cell differentiation measured by ALP activity of
MC3T3-E1 cultured for 10 days on Ti, ATN, MAO and HTO. (* : p < 0.05)
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Figure 2.3.9. Schematic diagrams of formation mechanisms of structure of
hierarchical mirco/nano-porous TiO2 layer; (A) micro- and (B) nano-pore
formation,

(C)

MAO-treated

substrate,

(D)

Ti

coating, (E)

HTO

treatment.(The grey and bright grey regions indicate Ti and TiO2, respectively.)
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Figure 2.3.10. The (A) optical, (B) scanning electron microscopy and (C)
confocal laser scanning microscopy images of GFP adsorbed half-HTOtreated specimen. Ti layer of the HTO-treated part of the specimen was
exposed by scratching with sharp pin; T stands for exposed Ti layer, M for
MAO-treated surface and H for HTO-treated surface.
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Chapter 3.
Drug and growth factor
delivery systems

In this chapter, further application of TiO2 was studied. The effective
deliveries of drug and growth factor and their activities using porous oxide
layer fabricated by electrochemical treatment were discussed.

3.1 Drug delivery
3.1.1 Introduction
The incorporation of antibiotic drugs into implant materials is one of
the important issues because infections can affect the success of the
orthopedic or dental surgery. Previous studies have stated that the local release
of antibiotic drug from the coated implant surface is one of the strategies to
prevent infections. Control of the release behavior of antibiotic drugs is
needed in the drug eluting systems because therapeutic effect can be obtained
by repeatedly dosing the sufficient amount of antibiotic drugs. In order to
control the amount released and the duration, polymeric materials, such as
polymethylmethacrylate (PMMA) and polyurethane were used as antibiotic
drug carriers [95-98]. Room-temperature sol-gel derived silica xerogel is also
recognized as a good carrier for drug delivering and controlled-release
behavior because of its meso-porous structure [99, 100]. Moreover, silica
xerogel have recently been suggested for use as a coating material for the
metallic implantable materials, such as Ti based alloys. However, cracking
during processing is one of the serious disadvantages of silica xerogel [101103] . Therefore, in order to prevent cracking, a stable container for the silica
xerogel is needed.
In this study, micro- and nano-porous TiO2 layers were fabricated for
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used as containers for silica xerogel. To fabricate the micro- and nano-porous
TiO2 layers, some electrochemical methods, such as MAO [30-32] and ATN
treatments [42-44] were used. The mixture of tetracycline hydrochloride
(TCH), antibiotic drug, and silica xerogel was infiltrated into the micro- and
nano-porous TiO2 layer. The morphologies of silica filled porous TiO2 layers
were examined. In addition, the antibiotic drug release behaviors of the
porous TiO2 layers were observed, along with the as-machined Ti without any
porous oxide layer as a control. The activity of the drug released from the
specimen was evaluated by zone of inhibition methods using staphylococcus
aureus (S. aureus).

3.1.2 Experimental procedure
MAO treatment
Commercially-pure grade Ti plates (grade 2, Kahee Metal, Korea)
with dimensions of 10 × 10 × 1 mm3 were prepared as substrates, polished
with a 1000-grit SiC abrasive paper and then cleaned ultrasonically.
Ultrasonic cleaning process was carried out in acetone, ethanol and distilled
water for 3 min each, successively. The prepared Ti plates were
electrochemically oxidized by the MAO process for rough and micro-porous
layer. The MAO treatment of the Ti plate was carried out in an aqueous
electrolyte by applying a pulsed DC field [Table I.2] at 270 V for 3 min, with
a SUS plate as the cathode.

ATN treatment
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The Ti plates were electrochemically oxidized by the 2-step ATN
process to fabricate the more ordered and wide nano-porous layer than 1 step
ATN [104, 105]. The 1st ATN treatment of the Ti plate was carried out in an
ethylene glycol based [Table I.2] by applying a 60 V of DC field for 30 min
with a Ti plate as the Cathode. Produced 1st ATN-treated layer was removed
by ultrasonically cleaning and then 2nd ATN treatment was applied with same
procedure as 1st ATN treatment.

Drug loading
The silica xerogel sol was prepared with a molar ratio of
tetramethylorthosilicate (TMOS; Aldrich, USA) to DW of 1:10 and 2 vol% of
HCl was added as a catalyst. After stirring until a homogeneous sol was
formed, 40mg/ml of tetracycline hydrochloride (TCH; Aldrich, USA) was
added. Same concentration of TCH solution which was dissolved in DW was
prepared for the control. As-machined, MAO-treated and ATN-treated Ti
plates were cleaned ultrasonically, immersed in solutions, put into a vacuum
desiccator which connected with a rotary pump for 15 min, dried overnight
and then cleaned by rubbing the surface to remove the drug which is not in the
pores.

Characterization
The phases of the porous oxide layers were evaluated by XRD
analysis. The microstructures of the porous oxide layers and xerogel loaded
pore structure were observed by FE-SEM. In order to confirm that xerogel
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filled the nano-pore, xerogel loaded nano-porous oxide layer was fractured
with sharp tip and the middle of the layer was observed.

Drug release test
In order to analyze the TCH release behavior, TCH loaded specimens
were immersed into conical tube with 2 ml of DW up to 7 days at 37 °C oven
without stirring. To measure the amount of the released TCH, the entire
medium was withdrawn at predetermined periods of time and replaced with
equivalent amount of DW. The concentration of the TCH released from the
specimens was determined by UV spectrophotometer (UV-1700, Shimadzu,
Japan). Absorbance values measured at 405 nm was converted to the
concentration of the drug using a prepared standard curve which was drawn
by the absorbance of the TCH dissolved in the DW with concentrations in the
range of 1 ~ 125 μg/ml. The linear relationship between the absorbance (x)
and the concentration of the TCH (y) was obtained (y = 644.83x, r2 = 0.99).
The calculated data are expressed as means ± standard deviation.

Antibacterial test (Zone of inhibition test)
The antibacterial activities of the specimens were evaluated by a
zone of inhibition test. Agar plate was prepared by adding 3% of tryptic soy
broth (TSB) and 1.5% of agarose into DW, autoclaving it at 121 °C for 15 min,
pouring it into petri dish with diameter of 90 mm and cooling it. S. aureus
suspension with optical density value of 0.5 at 595 nm was seeded onto the
prepared agar plate and spread uniformly. To evaluate continuity of the
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activity of the released TCH, specimens pre-immersed for 3 days in DW and
they were mounted onto agar plates with their top surface toward the plates.
After incubation at 37 °C oven for 12 hours, inhibition zones formed around
the specimens was examined.

3.1.3 Results
Characterization
Surface morphology
The surface morphology of micro- and nano-porous TiO2 layers
fabricated by various electrochemical methods was observed by electron
microscopy. Figure 3.1.1 shows the FE-SEM images of the specimens; (A)
untreated, (B) MAO-treated and (C) 1st ATN-treated and (E) 2nd ATN-treated
Ti. Figure 3.1.1(D, F) show the images of nano-pores removed surface and
middle of the nano-porous layer, respectively. The surface of the untreated Ti
had sharp machining grooves and machining debris, as shown in Figure
3.1.1(A). After MAO treatment at 270 V micro-porous (< 5 μm) and rough
morphology was observed, as shown in Figure 3.1.1(B). First ATN-treated
surface showed the nano-pores (< 100 nm) throughout the surface and
machining grooves from Ti surface was observed, as shown in Figure 3.1.1(C).
After removing of 1st ATN-treated layer, honeycombed morphology which
was the marks of bottoms of 1st ATN layer was observed. The porosity and
pore size of 2nd ATN-treated layer were similar to 1st ATN treatment but
surface morphology was definitely changed to honeycombed structure, as
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shown in Figure 3.1.1(D, E). Figure 3.1.1(F) shows the middle of the
fractured ATN-treated oxide layer, which revealed highly ordered nanotubular structure.

Phases
Figure 3.1.2 shows XRD patterns of (A) untreated, (B) MAO-treated
and (C) ATN-treated Ti. After MAO treatment, not only Ti peaks but also
anatase TiO2 peaks were observed at 2θ = 25°, 37°, 48°, 54°, as shown in
Figure 3.1.2(B). On the other hand, both ATN-treated specimens did not
showed any crystallized oxide phases but only Ti peaks, as shown in Figure
3.1.2(C). This XRD patterns indicate that the ATN-treated nano-porous layer
is not crystallized while the MAO-treated micro-porous layer is well
crystallized during the process.

Surface morphology
Silica xerogel loaded micro- and nano-pores which were observed by
FE-SEM is shown in Figure 3.1.3. Figure 3.1.3(A, B) shows silica
xerogel/TCH loaded MAO-treated and ATN-treated surface, respectively and
Figure 3.1.3(C) shows the middle of ATN layer. Compared with empty pores,
as shown in Figure 3.1.2(B, F), it was observed that silica xerogel filled both
micro- and nano-pores.

Drug release behavior
in vitro release
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The effect of silica xerogel on controlled drug release behavior was
evaluated by cumulative amount of released TCH. Figure 3.1.5 shows
cumulative amount of released (A) TCH and (B) TCH within the silica
xerogel from the each specimen. It was found that porous specimens loaded
more amount of TCH than untreated Ti for both cases. All of the TCH was
released from all specimens within 24 hours when only TCH was loaded, as
shown in Figure 3.1.5(A). TCH within the silica xerogel loaded in micro- and
nano-pores was continuously released for 7 days and according to release
profile further release was expected, while TCH loaded on untreated Ti
surface was released within 3 day, as shown in Figure 3.1.5(B).

Antibacterial activity
Preliminary antibacterial activity was evaluated by zone of inhibition
method using S. aureus. Figure 3.1.6 shows the optical images of agar plates
on which S. aureus was seeded and drug loaded as-machined, MAO-treated
and ATN-treated specimens were mounted. Before the test each specimen was
immersed into distilled water for 3 days to reduce the initial burst effect. Faint
zone around the specimen was inhibition zone which demonstrated that the
number of S. aureus was reduced by TCH from the specimen. When only
TCH was loaded, no inhibition zone was observed for each specimen. On the
other hands, when TCH/xerogel was loaded, inhibition zones around MAOtreated and ATN-treated specimens were observed, while no inhibition zone
around Ti was observed. These results suggest that release of drug was
controlled when drug was loaded in porous structure and silica xerogel was
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used as carrier.

3.1.4 Discussion
Generally, in the drug delivery systems, the absolute amount of the
released antibiotic drug and the release duration were important because in
order to treat the infection, repeated dosing of sufficient amount of antibiotic
drug is needed [96]. By the anodic oxidation, TiO2 porous layers which help
them loading more drug than bare Ti are fabricated. TiO2 porous layers have
been studied for drug delivery systems, however, the fast release rate of the
drug was problem [106-108]. Therefore in this study, for long time and
continuous release, carrier material for drug was examined. And application of
the micro-porous oxide layer fabricated by MAO treatment for the drug
delivery system was also studied.
As a carrier material for the drug sol-gel based bioactive silica
xerogel was used. Silica xerogel has a superior bioactivity from similar atomic
composition with bioactive glass. Silica xerogel also has potential as a drug
carrier due to its meso-porous structure and low processing temperature [99,
100]. However, silica xerogel is too brittle to be used alone in the bulk or
coating systems. To make up its weak mechanical properties, it has been
hybridized with flexible polymeric materials such as chitosan or poly (εcarprolactone) (PCL) [101-103]. In this system, however, its mechanical
properties were not important because there was not any tensile or
compressive stress on it. Thus it could be used alone as a carrier for drug
without reinforcement.
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The effects of porous structures and silica xerogel as a carrier on the
release behavior of drug were evaluated by TCH release profile. When only
TCH was loaded on the specimens, both MAO-treated and ATN-treated
specimens loaded and released much more drug than untreated Ti specimen.
Because their rough and porous structures offered additional spaces in which
drug could be loaded. However all of drugs were released within 24 hours, as
shown in Figure 3.1.4(A). The difference of release behavior of drug resulted
from different release kinetics. Figure 3.1.6 shows schematic diagrams of (A)
drug and (B) drug within silica xerogel loaded pore before and after release.
When drug is exposed to media, there is no obstacle which controls release
rate, as shown in Fig. 3.1.6(A). However, when silica xerogel is used as a
carrier, drug in the inner part must pass the silica xerogel matrix by diffusion
[99, 100], as shown in Fig. 3.1.6(B). Therefore drug within the silica xerogel
released continuously for several days. The release profiles were
corresponded to the results of zone of inhibition test using TCH and S. aureus.
When only TCH was loaded, inhibition zone was not detected around each
specimen. This result indicates almost drug on each specimen was released
before 3 days. When silica xerogel was used as a carrier, around the MAOtreated and the ATN-treated specimen inhibition zones were observed. This
result supposes that sufficient amount of drug [109, 110] was delivered
effectively when porous layer and carrier materials such as silica xerogel were
used together.
This method can be widely applied to any biomaterials because
porous TiO2 layer could be formed on any substrates by Ti coating and
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oxidation and high bioactivity is another expected positive effect of silica
xerogel. Moreover, drug release behavior could be controlled more effectively
by hybridizing with polymeric materials or additional coating on it.

3.1.5 Conclusion
In order to control the release behavior of drug from the Ti based
specimens, porous TiO2 layers were formed electrochemically and drug was
loaded with silica xerogel. Uniform micro- and nano-porous TiO2 layer was
fabricated by MAO and ATN treatments, respectively. More drugs were
loaded on both porous TiO2 layers than untreated Ti surface and longer release
behavior was obtained when silica xerogel was used as a carrier for drug.
These results indicate that release behavior of drug could be controlled
effectively when porous TiO2 layer and silica xerogel were used together.
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Figure 3.1.1. Field emission scanning electron microscopy images of the
specimens; (A) as-machined, (B) MAO-treated, (C) 1st ATN-treated and (E)
2nd ATN-treated Ti. (D, F) show the images of 1st ATN layer removed surface
and middle of the 2nd ATN layer, respectively.
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Figure 3.1.2. X-ray diffraction patterns of (A) bare, (B) MAO-treated and (C)
ATN-treated Ti: ● stands for Ti and  for anatase TiO2.
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Figure 3.1.3. Field emission scanning electron microscopy images of silica
xerogel/TCH loaded (A) MAO-treated and (B) ATN-treated surface,
respectively and (C) middle of silica xerogel/TCH loaded ATN layer and (D)
EDS spectra of (a) ATN-treated and (b) silica xerogel/TCH loaded ATNtreated Ti.
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Figure 3.1.4. Cumulative release of TCH from (A) only TCH and (B) the
silica xerogel/TCH loaded on the as-machined, MAO-treated and ATN-treated
Ti. The specimens were immersed in DW and the concentration of media was
measured at a pre-determined period.
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Figure 3.1.5. The optical images of agar plates on which S. aureus was
seeded and drug loaded as-machined, MAO-treated and ATN-treated
specimens were mounted. Before the test each specimen was immersed into
distilled water for 3 days.
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Figure 3.1.6. Schematic diagrams for release behavior of (A) drug and (B)
drug within silica xerogel from porous layer.
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3.2 Growth factor delivery
3.2.1 Introduction
PEEK is a semi-crystalline thermoplastic which has great mechanical
with its density, chemical resistance and high thermal stability. However,
relatively low biocompatibility of PEEK was one of the most serious
problems as an implant material [9, 58-61]. In order to improve the
biocompatibility of the implant materials, incorporation of the growth factor is
the most promising method [92, 93, 111-115]. As a protein loading method,
fabrication of TiO2 nano-porous layer which has high biocompatibility and
protein loading ability has been reported [40-46, 115-117]. In the chapter 2.3,
the ATN-treated layer on the MAO-treated surface also showed the highest
biocompatibility and GFP adsorption property.
In this chapter, for improving the biocompatibility of the PEEK,
nano-porous TiO2 layer was fabricated on the PEEK substrates and growth
factor was adsorbed on the surface. As discussed in the chapter 2.1 uniform
and stable Ti layer can be coated onto PEEK surface. In this chapter, Ti layer
was used as a source of the nano-porous oxide layer. The nano-porous TiO2
layer was fabricated by Ti coating and ATN treatment, sequentially.
As a growth factor, bone morphogenetic protein-2 (BMP-2) was used.
The BMP is belonging to the transformation growth factor beta superfamily.
Among the BMP subgroups, BMP-2 have been used in dental and orthopedic
implant materials fields because BMP-2 can stimulate the differentiation of
the stem cells and pre-osteoblast cells toward osteoblastic cell in vitro and in
vivo [118-121]. Therefore, for the local delivery of the BMP-2, the
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immobilization of the BMP-2 on the implant surface by TiO2 nano-porous
layer is needed. The effect of the ATN-treated nano-porous TiO2 layer on the
biological properties and BMP-2 delivery property of PEEK implant were
assessed by conducting in vitro cell tests and in vivo animal test. The in vivo
osseoconductivity was examined using a rabbit tibial defect model for a
period of 4 weeks. The BIC ratio was evaluated by histomorphometrical
analysis.

3.2.2 Experimental procedure
Ti coating on PEEK
Disc shaped PEEK (PEEK-OPTIMA®, Invibio, UK) substrates with
a diameter of 15 mm and a thickness of 2 mm were prepared, polished with a
1000-grit SiC abrasive paper. A commercially pure Ti plates (grade 2, Kahee
Metal, Korea), with dimensions of 10 × 10 × 1 mm3, were prepared as a target
material, ground with a 220-grit SiC abrasive paper. Substrate and target were
cleaned ultrasonically. All of the ultrasonic cleaning processes were conducted
successively for 3 min in each of acetone, ethanol and distilled water. A Ti
film was deposited onto the PEEK substrate using an e-beam evaporator. The
substrate was mounted on a rotating holder in a vacuum chamber and cleaned
by an Ar ion beam with a voltage of 90 V and a current of 1.5 A for 20 min
before Ti coating. The Ti film was then coated on the PEEK substrate at a rate
of ~0.05 nm/s to a film thickness of 2 μm. The temperatures during the Ar ion
beam cleaning and Ti coating were about 90 °C and 120 °C, respectively.
During the coating process, the substrate holder was rotated at 5 rpm to
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achieve a uniform thickness.

ATN treatment
The Ti-coated PEEK was electrochemically oxidized by ATN
process to fabricate the nano-porous layer. ATN treatment of the Ti-coated
specimen was carried out in an ethylene glycol based electrolyte [Table I.2]
by applying a 60 V of DC field for 30 min with a Ti plate as the cathode.

Characterization
The changes of the microstructures, the phases and the hydrophilicity
during whole process were observed evaluated by FE-SEM, XRD analysis
and sessile drop method, respectively. For the sessile drop method, distilled
water drop was applied onto each specimen and photographed with a CCD
camera connected to a goniometer. The contact angle between the distilled
water drop and specimen surface was calculated using image analysis
program

BMP-2 adsorption
The as-machined and ATN-treated PEEK specimens were immersed
into BMP-2 solution (AIMHI Inc., Suwon, Korea). The concentrations of
BMP-2 solution were 100 μg/ml and 300 μg/ml for the in vitro cell test and in
vivo animal test, respectively. Immersed specimens were put into a vacuum
desiccator which connected with a rotary pump for 10 min, incubated
overnight at 4 °C and washed with DPBS twice.
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in vitro cell test
The preliminary biological properties were evaluated by in vitro cell
tests using an MC3T3-E1 cell line. For the in vitro cell tests, the specimens
were sterilized for 30 min by UV irradiation. The pre-incubated cell line was
placed onto the specimens at densities of 5×104, 1×104 and 1×104 cells/ml for
cell attachment, proliferation and differentiation, and then cultured in a
humidified incubator with 5% CO2 at 37 °C for 2 hours, 3 days and 10 days,
respectively. α-MEM supplemented with 5% FBS and 1% penicillinstreptomycin was used as the culturing medium. For the differentiation test 10
mM β-GP was added to α-MEM with 50 μg/ml ascorbic acid. The attached
cells were observed by SEM. The proliferation behavior of the cells was
determined by MTS method. The degree of differentiation of the cells was
assessed by measuring the ALP activity. The detailed experimental procedures
for post-treatment of proliferation and differentiation tests were described in
chapter 2.1.2. The experimental data of the biological tests were expressed as
means ± standard deviations (SD) for n = 3. The statistical analysis was
performed via a one-way analysis of variance (ANOVA). The differences
were considered to be significant at p < 0.05.

in vivo animal test
The in vivo animal test was carried out on seven male New Zealand
white rabbits (12 weeks, average weight 3 kg). For the in vivo test, PEEK
screws with a diameter of 3.4 mm, thread length of 4.5 mm and total length of
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6 mm were prepared. A combination of 0.7 ml of 2% Xylazine HCl (Rompun,
Bayer Korea, Korea) and 1.4 ml of Tiletamine HCl (Zoletil, Virbac lab,
France) as the general anesthesia and Lidocaine (Yuhan Corporation, Korea)
with 1:100,000 epinephrine as the local anesthesia was injected. Two defects,
3.4 mm in diameter, were created on each of the hind legs using a hand piece
drill. The screws were implanted into both of the defects for each of the seven
rabbits. On the one rabbit, 4 kinds of the screws were implanted and the
implantation sites were determined using random number generator. In order
to prevent side effect by released BMP-2 from the BMP-2-adsorbed screw,
BMP-2-adsorbed bare and ATN-treated PEEK screws were implanted into
same leg. After surgery, the wounds were sutured with Surgisorb (Samyang
Ltd, Korea) and cephradine (Bayer Korea, Korea), antibiotic, was injected for
3 days. Four weeks after implantation, the rabbits were sacrificed and the
extracted bone specimens were treated and observed as mentioned in Chapter
2.1.2.
The statistical analysis was performed via one-way analysis of
variance (ANOVA), with the level of significance set at p < 0.05.

3.2.3 Results
Characterization
Surface morphology and phases
The changes of characteristics of the surface during the process were
examined, in terms of surface morphology, phases and hydrophilicity. Figure
3.2.1 shows the FE-SEM images of the morphologies of (A) as-machined, (B)
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Ti-coated, (C) ATN-treated surface and the fragment of the ATN-treated layer.
On the as-machined PEEK specimen, 2 μm of Ti layer was coated using ebeam deposition, as shown in Figure 3.2.1(A, B). As the results of the former
chapter, Ti layer coated onto the PEEK revealed a dense, smooth, uniform and
crack-free morphology. After ATN treatment of Ti-coated PEEK specimen,
uniform nano-porous layer was fabricated, as shown in Figure 3.2.1(C). The
average size of the pores was about 70 nm. The surface was scratched with
sharp pin and fragment of the oxide layer was observed with SEM. The nanopores have smooth walls and the thickness of the nano-porous layer was about
1.5 μm, as shown in Figure 3.2.1(D).
The crystalline phases of the (A) as-machined, (B) Ti-coated and (C)
ATO-treated specimens were examined by X-ray diffraction analysis, as
shown in Figure 2. As-machined PEEK specimen showed the crystalline
PEEK phases at 2θ = 21°, 22.5°, 29°, 33°, 39° (Figure 2(A)) [68]. The Ticoated PEEK specimen showed additional peaks at 2θ = 35°, 37°, 38°. After
ATN treatment the Ti peaks at 2θ = 38° decreased. These results means Ti
layer turned into amorphous TiO2 layer during electrochemical treatment.

Hydrophilicity
The hydrophilicity of the specimen was evaluated by contact angle
measurement with a goniometer. The hydrophilicity could be considered as
one of the most important parameters for the biocompatibility of the materials
[74, 75]. Figure 3.2.3 shows the optical images of sessile drops on each
specimen and the diagram of the contact angles. The contact angle of the
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PEEK surface decreased from 70.1° ± 3.7° to 57.0° ± 2.1° after Ti coating and
further decreased (nearly zero) after ATN treatment. These observations
indicate that the hydrophilicity of the PEEK was significantly improved by
formation the nano-porous layer on it. It is also expected that biocompatibility
of PEEK is enhanced by ATN treatment.

Biological properties

in vitro cell test
The effects of the ATN layer and the BMP-2 adsorption on biological
properties were preliminarily evaluated by in vitro cell tests. The in vitro
cellular responses of the specimens were assessed in terms of initial cell
attachment, proliferation, and osteoblastic differentiation. As a control, asmachined PEEK was used. The SEM images of the MC3T3-E1 cells cultured
on the specimens for 2 hours are shown in Figure 3.2.4. On the PEEK surface
the cells did not spread well, even the BMP-2 was adsorbed, as shown in
Figure 3.2.4(A, B). On the other hands on the ATN-treated surface, the cells
started to spread slightly. When the BMP-2 was adsorbed, the cells showed
well attached and more actively spread morphologies.
The level of initial cell proliferation behavior after culturing for 3
days was examined by MTS method, as shown in Figure 3.2.5. When the
BMP-2 was adsorbed on PEEK surface, there was not significant effect of the
BMP-2 on the initial proliferation (p ~ 0.05). On the other hands, ATN-treated
specimen offered the cells more favorable surface for proliferation without
BMP-2 adsorption treatment. In addition BMP-2-adsorbed ATN-treated
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specimen showed further increased proliferation rate (p < 0.05).
The ALP activities of the cells on the specimens after culture for 10
days, as shown in Figure 3.2.6, showed similar tendency to proliferation
behaviors. As compared with the as-machined PEEK specimen, the BMP-2adsorbed PEEK specimen showed a slightly but significantly higher ALP
level (p < 0.05). ALP activity of cells cultured on ATN-treated surface was
significantly higher than that of the cells cultured on the as-machined PEEK
and similar to that of the cells on the BMP-2-adsorbed PEEK. And much
further enhancement of ALP activity was observed at the cells cultured on
BMP-2-adsorbed ATN-treated surface.

in vivo animal test
For the in-depth studies, the in vivo bone-to-implant contact ratio
was assessed using a rabbit tibial defect model. The H & E stained resin block
slides of the tissues extracted 4 weeks after surgery were observed by phase
contrast optical microscopy. Figure 3.2.7 shows the histomorphometric
images of stained tissues of (A) bare, (B) BMP-2-adsorbed bare, (C) ATNtreated, (D) BMP-2-adsorbed ATN-treated PEEK. In these images, the pink
colored and dotted areas are the bone tissues and brown colored areas are
implanted material. The black debris in the images are coating layer detached
during the block preparation. According to the images, spaces between the
screw threads were well filled with new bone for all the cases. However, the
level of contact between implant and the new bone shown in the images are
quite different between the samples. Both PEEK specimens show many gaps
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between the implant and the tissue, while the ATN-treated specimens show
more tight contact.
In order to quantify these behaviors, BIC ratio was evaluated and
statistically treated, as shown in Figure 3.2.8. The BIC ratio value of bare
PEEK was 35% and no improvement of BIC ratio was observed even after
BMP-2 treatment. The ATN-treated PEEK shows much higher BIC ratio value
(p < 0.01). The BMP-2-adsorbed ATN-treated PEEK specimen showed
highest BIC value which is 20% higher than that of ATN-treated PEEK (p <
0.05). These results of in vitro and in vivo tests suggested that formation of
TiO2 nano-pores on the PEEK surface was a promising approach for
improving the biocompatibility of the PEEK and effective delivering of
growth factors.

3.2.4 Discussion
Coating the PEEK substrate with a bioactive substance is still
effective method for enhancing biocompatibility of the PEEK. In the chapter
2.1, we already discussed Ti coating on PEEK and its resulting enhanced
biological properties. In this chapter, anodic TiO2 nano-porous layer was
fabricated on PEEK substrate by Ti coating and following anodizing treatment
to enhance the biological and protein adsorption properties. The effect of the
nano-porous TiO2 layer and adsorption of BMP-2 on the biocompatibility was
evaluated by in vitro cell tests and in vivo animal tests.
According to the SEM images, uniform nano-porous TiO2 layer was
obtained by Ti coating and ATN treatment. For fabricating stable TiO2 nano-
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porous layer, enough amount of Ti source is needed. Therefore 2 μm of Ti
layer was deposited on the PEEK substrate. However, it was found that main
peak of Ti was shifted in the XRD pattern, as shown in Figure 3.2.2. Ti layer
was fabricated by double coating and 1 μm of layer was deposited per each
coating. The first Ti layer might have the shifted Ti peak at 2θ = 37° which
corresponds to (002) plane because of residual stress resulted from large
difference of lattice parameter between semi-crystalline PEEK substrate and
Ti film [122, 123]. Second Ti layer might have relatively low residual stress
because it was coated on Ti surface, so the main peak of this layer was not
shifted significantly. The XRD pattern after ATN treatment confirmed this
hypothesis. After ATN treatment, not-shifted Ti peak disappeared, while
shifted Ti peak still remained.
All of the in vitro cell test results indicate that the biocompatibility of
PEEK was improved after ATN treatment and further improved after BMP-2
adsorption. First of all, the MC3T3-E1 cells hardly spread on the PEEK
surface, even BMP-2 was adsorbed on it. On the other hands, the cells
actively adhered on the ATN-treated surface without BMP-2. For the level of
proliferation and differentiation measured by the MTS and ALP activity
showed similar tendency. The cells on the as-machined PEEK substrate
showed the lowest level of proliferation and differentiation and the slight
improvement was observed when the BMP-2 was adsorbed. By contrast, the
cells on the ATN-treated PEEK showed significantly improved level of
proliferation and differentiation compared to that on the as-machined PEEK.
After BMP-2 adsorption, the level of proliferation and differentiation of the
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cells on the ATN-treated PEEK showed the highest values.
The effect of surface treatment on the osseointegration was evaluated
by in vivo animal test using rabbit tibial defect model. Like the former study
in chapter 2.1, many gaps were observed between bare PEEK and the bone
tissue. On the other hands, compared to bare PEEK, ATN-treated surface
showed tighter contact with bone tissue. The level of contact between bone
and screw surface was quantized, in terms of bone-to-implant contact ratio.
According to numerical data, the BIC value of PEEK surface was not
improved even after BMP-2 adsorption. This result didn’t correspond to the in
vitro cell tests which showed slightly improved biocompatibility of PEEK. In
the real body, there is continuous flow of the body fluid. It may cause the
faster release of BMP-2 than in vitro situation. Therefore the effect of BMP-2
will not be observed if the amount of BMP-2 is not enough. It suggests that
the amount of BMP-2 adsorbed on ATN-treated surface is enough to affect the
level of osseointegration compared to that on the bare PEEK surface.
These biological test results confirmed that the biocompatibility of
PEEK could be improved by Ti coating and ATN treatment. Furthermore, the
growth factor, such as BMP-2 could be effectively delivered with the ATNtreated surface layer.

3.2.5 Conclusion
In order to enhance the biocompatibility of PEEK, nano-porous TiO2
was fabricated on it and evaluated by applying in vitro cell tests and in vivo
animal test. A uniform nano-porous TiO2 layer was successfully fabricated on

112

PEEK substrate through Ti coating by e-beam evaporation and ATN treatment,
sequentially. In addition, for the further improvement of biocompatibility,
BMP-2 was adsorbed on the surface. The osteoblast-like cell responses were
significantly improved after ATN treatment and further improved after BMP-2
adsorption. The BIC ratio results from in vivo animal test also showed that
ATN treatment improved the osseointegration compared to bare PEEK
substrate and the osseointegration was further improved after BMP-2
adsorption. These results indicate that fabrication of TiO2 nano-porous layer
on the PEEK enhance the usefulness of it as an implant material for hard
tissue applications.
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Figure 3.2.1. Field emission scanning electron microscopy images of the
morphologies of (A) as-machined, (B) Ti-coated, (C) ATN-treated surface and
(D) fragment of ATN layer.
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Figure 3.2.2. X-ray diffraction (XRD) patterns of (A) as-machined, (B) Ticoated and (C) ATN-treated PEEK:  stands for PEEK and ● for Ti.
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Figure 3.2.3. Optical images of sessile drops and wetting angle of the drops
on each specimen surface.
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Figure 3.2.4. Scanning electron microscopy images of MC3T3-E1 cells after
culturing for 2 hours on (A) as-machined and (B) BMP-2-adsorbed asmachined PEEK and (C) ATN-treated and (D) BMP-2-adsorbed ATN-treated
surfaces.
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Figure 3.2.5. Cell viability of MC3T3-E1 measured by MTS method cultured
for 3 days on as-machined and ATN-treated PEEK and BMP-2-adsorbed
surfaces. (* : p < 0.05, ** : p < 0.01)
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Figure 3.2.6. Level of cell differentiation measured by ALP activity of
MC3T3-E1 cultured for 10 days on as-machined and ATN-treated PEEK and
BMP-2-adsorbed surfaces. (* : p < 0.05, ** : p < 0.01)
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Figure 3.2.7. Histomorphometric images of stained sections of (A) bare, (B)
BMP adsorbed bare, (C) ATN-treated and (D) BMP adsorbed ATN-treated
screws extracted from the rabbit tibia 4 weeks after implantation.
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Figure 3.2.8. Bone-to-implant contact (BIC) ratios of the specimens extracted
from the rabbits 4 weeks after implantation (* : p < 0.05, ** : p < 0.01)
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Conclusion

In this study, the biocompatibilities of the polymeric and metallic
materials were significantly improved by surface modification while
maintaining their mechanical properties. Ti coating layer, micro- and nanoporous TiO2 layer and hierarchical micro/nano-porous TiO2 layer were studied
for modifying the surface of polymeric or metallic materials. The
biocompatibility of polyetheretherketone (PEEK) was significantly improved
by fabricating the Ti layer on it. The in vivo animal test using rabbit tibial
model also confirmed the effect of Ti layer on enhancing biocompatibility of
PEEK. When the cobalt-chromium (Co-Cr) alloy was coated with Ti and the
Ti layer was micro-arc oxidized, the biocompatibility of the alloy increased at
every step.
The new method for fabricating hierarchical micro/nano-porous TiO2
layer on the Ti substrate was developed by sequential MAO treatment, Ti
coating and ATN treatment. The scale of the hierarchical porous structure was
similar to that of ECM structure which has microfibrillar structure and nanoscaled binding sites. The biocompatibility of the hierarchical micro/nanoporous TiO2 layer was higher than other surface treated specimens. It is also
notable that this method can be applied other flat or miro-structured surface
regardless of substrate.
The porous TiO2 layers also improved the potential of the materials
for the drug or growth factor delivery system. For the drug delivery system,
silica xerogel was used as drug carrier for extending release period. The
mixture of tetracycline hydrochloride (TCH), as an antibiotic drug and silica
xerogel sol was loaded into micro- and nano-pores. As a result, enough
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amount of TCH was released out from the micro- and nano-porous surface for
7 days. The activities of the released TCH from porous TiO2 layers were also
confirmed by zone of inhibition method. For the growth factor delivery,
system, BMP-2 was used as growth factor. The nano-porous TiO2 layer was
fabricated on the PEEK substrate and the BMP-2 was adsorbed on the surface.
The in vitro and in vivo test revealed that the nano-porous TiO2 layer
increased the biocompatibility of the PEEK, and the effect of BMP-2 was
significant when it was adsorbed on nano-porous TiO2 layer.
This study suggests that the Ti coating method using electron beam is
useful for improving osteoblastic biocompatibility of polymeric and metallic
materials. Moreover, micro- and nano-porous layers fabricated by anodic
oxidation of Ti layer are promising methods for further improving the
biocompatibilities and potential for the drug and growth factor delivery
systems of the materials.
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초

록

경조직용 생체재료로서 코발트 크롬 및 스테인리스스틸 등
의 금속재료는 기계적 물성 및 부식저항성에서 장점을 가지며 폴리
에테르에테르 등과 같은 고분자 재료는 뼈와 유사한 탄성계수를 갖
는다는 장점이 있다. 그러나 상대적으로 낮은 생체 적합성이 각 재
료들의 응용성을 떨어트린다. 재료의 생체적합성은 표면의 조성이나
구조등과 밀접한 관계를 갖는다. 각 재료의 표면 위에 티타늄을 코
팅하는 방법은 재료의 생체적합성을 증진 시킬 수 있는 방법들 중
하나이다. 티타늄은 자연적으로 생성되는 표면의 산화막층 때문에
생체적합성이 금속 재료 중에 가장 우수하며 마이크로아크 산화나
양극산화처리를 통한 나노기공형성 등을 이용하여 생체적합성을 더
증진시킬 수 있다. 본 실험은 다양한 재료 위에 티타늄을 코팅하여
생체적합성이 증진됨을 확인하였으며, 증착 된 티타늄 코팅층을 양
극산화하여 추가적인 생체적합성 증진을 확인하였다. 또한 이러한
양극산화 방법 및 티타늄 코팅을 순차적으로 조합한 계층구조를 가
는 다공성 표면을 만들어 생체적합성의 증진을 확인하였다. 마지막
으로 티타늄 산화 층의 다공성 성질을 이용하여 약물 및 성장인자
등의 생체활성 물질 전달로서의 가능성을 확인하였다.
폴리에테르에테르케톤의 생체 비활성적인 표면의 생체적합
성을 더욱 증진시키기 위하여 전자 빔 증착 방법을 이용하여 폴리
에테르에테르케톤의 표면에 티타늄을 증착하였다. 폴리에테르에테르
케톤의 표면 위에 1 마이크로 미터 두께의 티타늄 막이 매우 균일
하고 안정적으로 형성되었다. 골아세포를 이용한 생체적합성 실험에
서 티타늄이 코팅된 폴리에테르에테르케톤은 매우 우수한 초기 세
포 친화력을 보여주었으며 높은 증식 및 분화도를 보여주었다. 폴리
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에테르에테르케톤을 나사형태로 제작하여 토끼의 정강이 뼈에 식립
하는 동물 실험을 통해 골전도성을 평가하였다. 시술 후 4주후 티타
늄 코팅이 된 면에서 더 우수한 골전도성을 보여주었는데, 새로 생
성된 뼈와 재료 사이의 접촉비율이 약 두 배 향상됨을 확인하였다.
또한 전자 빔 증착법을 통해 생성된 티타늄 막을 양극산화
할 수 있음을 확인하였다. 코발트-크롬 합금 위에 순수 티타늄을
코팅한 후 마이크로아크 산화를 시행하여 티타늄 막을 양극산화 하
였다. 산화막 및 기판의 안정성을 위해 5 마이크론이상의 티타늄 증
착이 필요하였다. 합금 위에 티타늄 층만 형성된 경우에도 골아세포
의 분화도가 증진되었으며, 마이크로아크 산화처리가 더해진 이후에
한층 더 증진된 분화도를 확인할 수 있었다.
더 나아가 본 연구에서는 양극산화 및 티타늄 코팅을 복합
화하여 계층적인 기공구조를 갖는 산화막 코팅층을 개발하였다. 본
산화막 구조는 마이크로 구조 안에 나노구조가 있는 것으로 실제
마이크로 섬유 및 나노 크기 결합자리가 계층구조를 갖는 세포외기
질의 구조를 모방한 것이다. 마이크로아크 산화 처리를 통해 마이크
로 크기의 기공이 생성된 기판 위에 순수한 티타늄을 전자 빔 증착
법을 통하여 500 나노미터의 두께로 증착한 후 다시 산화처리하여
마이크로 기공과 나노기공이 계층적으로 형성되어있는 표면을 제작
하였다. 계층 구조를 갖는 산화막 위에서 좀 더 많은 골아세포가 별
모양의 구조를 가지고 있었으며, 마이크로아크 산화막이나 나노기공
산화막 보다 더 높은 분화도를 보여주었다. 이 방법은 어떠한 마이
크로 크기의 구조를 갖는 표면 위에 적용시킬 수 있다는 점에서 계
층구조를 만드는 다른 방법들에 비해 우수성을 갖는다.
다음으로 다공성 표면의 약물 및 성장인자 등의 생체활성물
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질 전달체로서의 가능성을 평가하였다. 다공성 표면은 약물의 담지
력을 증진시켰다. 이때 빠른 방출거동은 실리카 제로젤을 이용하여
해결하였다. 나노 기공과 마이크로 기공을 갖는 표면을 각각 제작하
고, 그 내부에 약물 담지체인 실리카 제로젤과 염산테트라사이클린
의 혼합 솔을 담지 하였다. SEM 을 통하여 약물과 실리카 제로젤의
혼합물이 담지 된 표면을 관찰한 결과 각각의 기공을 혼합물이 균
일하게 채우고 있음을 확인할 수 있었다. 다공성 표면에서 약물의
담지능은 일반 Ti에 비해 5~7 배 증가하였으며 실리카 제로젤과
혼합하여 담지 한 시편의 경우 약물이 약 일주일간 꾸준히 방출됨
을 확인할 수 있었다. 또한 항 박테리아 실험을 통해 방출된 약물이
박테리아의 증식을 효과적으로 방지함을 확인할 수 있었다.
티타늄 산화막의 단백질 담지능은 골 형성 단백질을 이용하
여 실험하였다. 폴리에테르에테르케톤위에 증착한 티타늄을 양극산
화시켜 나노기공을 형성한 시편에 골 형성 단백질을 담지한 경우
골아세포를 이용한 세포실험에서 우수한 거동을 보였다. 특히 나노
기공 자체가 골 형성 단백질 처리한 폴리에테르에테르케톤과 비슷
한 수치의 증식도 및 분화도를 보였으며, 그 위에 골 형성 단백질
처리를 한 경우 더욱 증진된 증식도 및 분화도를 보였다. 나노기공
표면처리가 골전도성에 미치는 영향은 토끼모델을 이용하여 평가하
였다. 4 주후 폴리에테르에테르케톤 나사는 골 형성 단백질 처리와
상관 없이 가장 낮은 골전도성을 보였으며 나노기공 표면 처리를
한 경우 약 두 배 증진된 골전도성을 보였고, 골 형성 단백질 처리
를 한 후 추가로 20% 증진된 골전도성을 관찰 하였다.
위의 실험적인 결과들을 통하여, 티타늄 코팅 및 양극산화라
는 매우 간단한 방법을 통하여 기존에 사용하던 재료들의 생체적합
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성을 증진시킬 수 있음을 확인하였다. 또한 양극산화 및 티타늄 코
팅방법의 순차적인 조합을 통하여 어떠한 재료의 생체적합성도 현
저하게 증진시킬 수 있는 계층적인 기공구조를 갖는 산화막의 제조
법을 개발 할 수 있었다. 또한 다공성 산화막의 제작을 통해 생체활
성물질 담지 등의 기능성을 부여할 수 있음을 확인할 수 있었다.

주요어: 티타늄, 전자 빔 증착, 양극산화, 계층구조, 생체적합성, 약물,
성장인자
학 번: 2007-20749
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