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Figure 6. Typical SEM-images of cross sections of the specimens with (a) M2-stage and (b) M4-stage.

was observed on the surface of the cpTi side, and new
bone [black asterisks in Fig. 9(a)] was formed away
from the surface. Osteoblasts [arrowheads in Fig. 9(a)]
were recognized on the surface of new bone tissue
[Fig. 9(a)]. On the other hand, newly formed bone
[black asterisks in Fig. 9(b)] was directly in contact
with the surface of on the CaTiOj; side, and many
osteoblasts with a square cell shape [arrow heads in
Fig. 9(b)] were observed on the osteoid [white arrows
in Fig. 9(b)] formed on it [Fig. 9(b)]. On day 28, newly
formed bone [black asterisk in Fig. 9(c)] on the cpTi
side was remodeled to thinner, while it contacted
with the surface directly [Fig. 9(c)]. In addition, on the
CaTiO; side, bone remodeling on the surface pro-
gressed, and new bone [black asterisk in Fig. 9(d)]
became thinner, as on the cpTi side [Fig. 9(d)].

Figure 10 shows osteogenesis around the specimen
in bone marrow on day 7 by fluorescent microscopy.
On the cpTi side, a slight amount of TC was deposited
on the new bone away from the surface of the speci-
men [Fig. 10(a)]. On the other hand, in the CaTiOs
film side, diffused TC deposition was observed on the
new bone formed directly on the surface [Fig. 10(b)].
CA deposition was recognized on the surface of the
bone away from the specimens [Fig. 10(b)].

DISCUSSION

The results from GI-XRD and AES showed that
only the CT50 specimen was crystallized to perov-
skite-type CaTiOj; after the annealing treatment. By
annealing in air, the CaTiO; films were reconstructed,
and the crystallinity increased. Simultaneously, Ca in

the CaTiO; film diffused in the direction of the Ti sub-
strate. In CT10, CT20, and CT30 specimens, because
of the excessively thin thickness, deficiency of Ca in
the CaTiO; film occurred by Ca diffusion, and the
CaTiO; films were unable to form crystalline CaTiOs.
A CaTiO; film prepared by the RF magnetron sputter-
ing method without any heat treatment reportedly
failed to crystallize, and heating over 873 K was
required to obtain a crystallized CaTiO3 film. >3
Therefore, to obtain a crystallized perovskite-type
CaTiQ; thin film, CaTiO; must be deposited to at least
50 nm in thickness followed by annealing at or above
873 K.
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Figure 7. Average of the thickness of the calcium-phos-
phate laver observed on specimens showing the M4-type
surface morphology after 45-days immersion.
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Figure 8. Soft tissue response to specimen in subcutaneous tissue after 7 and 28 days observed by optical microscopy: (a)
cpTi side, day 7; (b) CaTiO; film side, day 28; (c) cpTi side, day 7; (d) CaTiO; film side, day 28.

The categorization by surface morphologies  tion of calcium phosphates numerically, a value of the
appears to be related with the nucleation of calcium  growth degree was assigned to each growing stage
phosphate. To express the performance of the nuclea-  observed in Figure 5. Values of 0, 1, 2, and 3 are

Figure 9. Hard tissue response to the specimen in femoral bone marrow after 7 and 28 days observed by optical micros-
copy: (a) cpTi side, 7 days; (b) CaTiO;5 film side, 7 day; (c) cpTi side, 28 day; (d) CaTiOs film side, 28 day.
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Figure 10.
copy: (a) cpTi side; (b) CaTiO; film side.

assigned to the M1-, M2-, M3-, and M4-stages, respec-
tively. The performance of each specimen was simply
expressed by the sum of these values after 35- and 45-
days immersion. Thus, the equation is expressed as
follows:

Performance of the nucleation of calcium phosphates

= i nipi,
!

where #; is the number of the i-type morphology and
p; is the value assigned to the i-type morphology. The
thickness of the calcium-phosphate layer after immer-
sion appears to be related with the growth rate of cal-
cium phosphate from the nucleus. The thickness of
the calcium-phosphate layer after 45-days immersion
of each specimen is plotted against the performance
of the nucleation of calcium phosphates in Figure 11.
A good correlation between the thickness of the cal-
cium-phosphate layer and the performance of the
nucleation of calcium phosphates is observed. Judg-
ing from Figure 11, the CT50 specimen is clearly supe-
rior to the other specimens. Accordingly, it is con-
cluded that a 50-nm CaTiO; film can enhance the per-
formance most effectively and that 50 nm is the
optimum thickness from among all the prepared
thicknesses in this study. On the other hand, the per-
formance of CaTiO; films with thicknesses of 10, 20,
and 30 nm was similar to that of the annealed cpTi.
Only the CT50 specimen was crystallized to perov-
skite-type CaTiOs. It can therefore be concluded that
the good performance of the CT50 specimen regard-
ing calcium-phosphate formation is due to this prop-
erty. On the other hand, since the GI-XRD patterns of
CT10, CT20, and CT30 specimens, which contained
only Ti and Ti-oxide peaks, were similar to that of the
anTi specimen, the calcium included in these speci-
mens was unable to achieve the crystallized phase
even after annealing. These results from the surface

Hard tissue response to the specimen in femoral bone marrow after 7 days observed by fluorescent micros-

characterization of CT10, CT20, and CT30 specimens
were similar to those of calcium-ion-implanted tita-
nium, which had good performance regarding cal-
cium-phosphate formation.” The good calcium-phos-
phate formation of calcium-ion-implanted titanium
was reportedly due to calcium dissolution from the
surface.” The presence of calcium dissolution from
the CT20 specimen shown in Figure 4 is restricted to
only the surface area, and the amount of the calcium
dissolution would be less than that of calcium-ion-
implanted titanium. Thus, it is suspected that calcium
in CT10, CT20, and CT30 specimens has no effects on
the performance regarding calcium-phosphate forma-
tion. Consequently, the performance of CT10, CT20,
and CT30 specimens regarding calcium-phosphate
formation is similar to that of the anTi specimen.

No severe inﬂammator}f response, such as necrosis
and degeneration, was observed on the cpTi side and
the CaTiO; film side, while the tissue reaction around
on the cpTi was slighter than that on the CaTiO; side
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Figure 11. Correlation between the thickness of calcium-

phosphate layer after 45-day immersion and the perform-
ance of the nucleation of calcium phosphates.
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in subcutaneous tissue. However, after 28 days, there
was no difference regarding tissue reaction between
both sides. The slight inflammatory reaction on the
CaTiO; film side seemed to be caused by the micro-
structure of the surface. The surface roughness was
reported to relate to the tissue reaction.® However,
these reactions might be bioactive and favorable to
osteogenesis on the surface. In bone marrow, active
bone formation was recognized on the surface of the
CaTiOs; film on day 7, and thinner bone was observed
on the CaTiO; film on day 28. These results suggested
that the CaTiO; film affected osteogenesis within the
early stages and that newly formed bone was remod-
eled on that basis. Active bone formation on the
CaTiO; film at the early implant stage might be
related to the calcium phosphate precipitation occur-
ring in HBSS. Osteogenesis on the CaTiO; film was
similar to the bone formation process on HAP-coated
and calcium-ion-implanted titanium.* These results
suggest that CaTiOs-coated titanium has sufficient
biocompatibility and potential as a biomaterial.

Therefore, it is concluded that a CaTiO; coating on
titanium could facilitate new bone formation and
shorten the bone-fixation term of titanium.

CONCLUSION

A CaTiO; thin film of 50-nm in thickness deposited
on titanium using RF magnetron sputtering followed
by annealing at 873 K in air facilitated most effectively
the calcium-phosphate formation on titanium in a
simulated body fluid. On the other hand, the perform-
ance of the CaTiO; film with a thickness of less than
50 nm was inferior to that of the 50-nm-thick film.
Only a 50-nm-thick CaTiO; film can be crystallized to
perovskite-type CaTiOs. The crystallized CaTiO; coat-
ing is required to facilitate effective calcium-phos-
phate formation on titanium. A CaTiOj thin film with
a thickness of less than 50 nm cannot be crystallized
to CaTiO3 by an annealing treatment. The surface
properties and performance of these films in HBSS
regarding calcium-phosphate formation are similar to
those of titanium annealed at 873 K.

No severe inflammatory response to titanium
coated with a 50-nm-thick CaTiO; film was observed
in either soft or hard rat tissue. The CaTiO; coating
has sufficient biocompatibility for use as a biomate-
rial. In hard rat tissue, new bone formation on
CaTiO3-coated titanium was more active than that on
noncoated titanium, and the bone directly bound to
the specimen. The 50-nm-thick CaTiO; coating is an
excellent surface modification method for the facilita-
tion of new bone formation on titanium and can be
expected to offer an alternative method to plasma-
sprayed HAP.
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Abstract. Application of metals will be expanded to new medical devices, scaffold for tissue
engineering, artificial organs, etc. with the addition of biofunction. Therefore, immobilization or
combination of functional polymers to metals is significant subject for the application of metals to
biofunctional materials and sensors. Metal-polymer hybrid materials are promising biomaterials
future, especially for artificial organs. To form metal-polymer hybrid for biomedical devices, two
techniques are predominant according to the purpose: Immobilization of biofunctional polymers to
metals and bonding of biopolymers with metals. In the first case, poly(ethylene glycol: PEG) is a
biofuctional molecule on which adsorption of proteins is inhibited. Control of immobilization mode
of PEG modified with NH, to titanium surface by electrodeposition is feasible and the adsorption of
proteins is inhibited by the deposited PEG. This technique could be applied to all metallic materials.
In the other case, we attempted to form a composite of titanium with segmentated polyurethane (SPU)
thorough silane-coupling agent (y-MPS). This composite material is applied to texture of titanium
covered by SPU as artificial organs.

Tissue engineering ]

Metals as Biomaterials /J

Metals are used as
biomaterials and over 70% of
implant devices consist of
metals. Advantages of metals
are large strength and
toughness in comparison with
ceramics and  polymers.
However, metals are
sometimes misunderstood as

unfavorite ~ materials  for %

medical use that show toxicity, lmproggmeﬂt Sl{ rface-
fatigue, and corrosion in the biocompatibility | |modification
human body (Fig. 1). In : ‘

addition, metals themselves
never show  biofunction
because no biofunction is
added to metals during manufacturing process: melting, casting, fogging, rolling, and heat treatment.
Therefore, metals are not expected as biofunctional materials. In order to add a biofunction to metals,
surface modification is absolutely necessary.
Following applications of metals are expected as biomaterals:
1. Implant for orthopedics, cardiovascular surgery, and dentistry.
Bone formation, soft tissue adhesion, and blood compatibility are requested.
2. Scaffold materials for tissue engineering.
Cell adhesion and activation of cells are requested.
3. Base materials for biosensing.

Fig. 1. Situation of metals as biomaterials and surface modification.
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Inhibition of cell adhesion and biomolecule adsorption is requested.
For these applications, controlling of cell adhesion and protein adsorption is the most important
event.

When a metallic material is implanted into a human body, immediate reaction occurs between its
surface and the living tissues. In other words, immediate reaction at this initial stage straightaway
determines and defines a metallic material’s tissue compatibility. Since conventional metallic
biomaterials are usually covered with metal oxides, surface oxide films on metallic materials play an
important role not only against corrosion but also in tissue compatibility. Surface properties of a
metallic material may be controlled with surface modification techniques.

Surface properties of a metallic PTIDEE

material may be controlled with J— B

. . " Electrochemical Bone
surface modification Alkaline+Heating | Formation

Surface Modification /_\ /ﬁ
Hydro-process D

—_—
e

Apatite plasma spray

techniques. To develop and Immersion in H,0, c?r?c;og lmtitﬂP‘:ﬂta on
apply the appropriate surface ~— Hydrothermal ol g
modification technique, E e

e

knowledge of the material’s <—/ FEREeR ey Corrosion | TiO, sputter depos

surface composition is plating Wear  |Noblemetal ion implantatic
absolutely necessary. This is Resistance | TN soeftierdeposits
because surface modification is ""m.i_ N'mgen_ff.'_"l"lm . i
a process that improves surface

property by changing the

composition and structure,

—— ——

e

mmersion in H,0, Blood

_PEG immobilization, Compatibility " " '™P'antation

while leaving the mechanical Control
properties of the material intact. ' PEG immobilization  ©f 3
Surface modification is a P}:’mm e

process that changes a

material’s surface composition, Fig. 2. Surface modification of metals as biomaterials.
structure and morphology,

leaving the bulk mechanical properties intact. With surface modification, chemical and mechanical
durability, as well as tissue compatibility of surface layer could be improved. Surface property is
particularly significant for biomaterials, and thus surface modification techniques are particularly
useful to biomaterials. Dry-process (using ion beam) and hydro-process (which is performed in
aqueous solutions) are predominant surface modification techniques. Apatite coating on titanium
with plasma spray, titanium nitride coating with sputter deposition, and titanium oxide growth with
morphological control by electrolysis are already available for commercial use (as shown in Fig. 2).

Metal-Polymer Composite

Polymers sometimes show a lack of strength and durability as a biomaterial. On the other hand,
metals are used because of their high durability, strength, and formability, while they do not have
bioactive and biofunctional properties. Metal-polymer hybrid materials are promising biomaterials
future, especially for artificial organs.

In the design of bone-substituting and blood-contacting materials for both medical implants and
bioaffinity sensors, it is a major challenge to generate surfaces and interfaces that are able to
withstand proteins adsorption.

To accelerate bone formation surrounding implant materials, the materials are modified with
biomolecules. Several phospholic acids were synthesized and grafted onto titanium. Proliferation,
differentiation and protein production of rats’ osteoblastic cells on the titanium were then



Materials Science Forum Vols. 539-543 565

investigated  [1]. Type 1 collagen production increased with modification by
ethane-1,1,2-triphospholic acid and methylenediphosphonic acid. To improve hard tissue response,
bone morphogenetic protein-4 (BMP-4) was immobilized on Ti-6Al-4V alloy through lysozyme [2].
To improve tissue compatibility, attempts were made for silane chemistry to couple proteins to the
oxidized metal surfaces of Co-Cr-Mo, Ti-6A1-4V, Ti and Ni-Ti [3].

Platelets adhesion, adsorption of proteins, peptides and antibodies, and DNA can likewise be
controlled by modifications. A class of copolymers based on poly (L-lysine)-g-poly (ethylene
glycol), PLL-g-PEG, was found to spontaneously adsorb from aqueous solutions onto TiO,,
Sio4Tigs02 and NbyOs to develop blood-contacting materials and biosensors [4]. Poly(ethylene
glycol)-poly(DL-lactic acid) (PEG-PLA) copolymeric micelles were attached on functionalized TiO;
and Au. The micelle layer enhanced the protein resistance of the surfaces by up to 70%.

Silicon and titanium oxide surfaces (SiO»/Si and TiO,/Ti) were covalently modified with
bioactive molecules (e.g., peptides) in a simple three-step procedure to control cellular and
biomolecular functions on the surfaces. Bioactive surfaces were synthesized by first immobilizing
N-(2-aminoethyl)-3-aminopropyl-trimethoxysilane (EDS) to polished quartz disks, polished silicon
wafers or sputter-deposited titanium films. Subsequently, a maleimide-activated surface —
amenable to tethering molecules — with a free thiol (e.g., cysteine) was created by coupling
sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (sulfro-SMCC) to the
terminal amine on EDS. Peptides with terminal cysteine residues were immobilized on
maleimide-activated oxides [5].

The surface of stainless steel was first modified by the silane coupling agent (SCA),
(3-mercaptopropyl)trimethoxysilane. The silanized stainless steel surface (SCA-SS surface) was
subsequently activated by argon plasma and then subjected to UV-induced graft polymerization of
poly(ethylene glycol)methacrylate (PEGMA). The PEGMA graft-polymerized stainless steel
coupon (PEGMA-g-SCA-SS) with a high graft concentration, and thus a high PEG content, was
found to be very effective in preventing bovine serum albumin and y-globulin adsorption [6].

Metal oxide surfaces (Ta;Os, Al,O3, NbyOs, ZrO;, SiO,) were coated by self-assembled
monolayers (SAMs) of dodecyl phosphate (DDPOs) and 12-hydroxy dodecyl phosphate
(OH-DDPO,). The coating was done by a novel surface modification protocol based on the
adsorption of alkyl phosphate ammonium salts from aqueous solution for application to biochemical
analyses and biosensors [7]. To apply a surface plasmon resonance (SPR) to biosensors, a sandwich
immunoassay was performed on a thin gold film set in SPR cell. The molecular motion of
self-assembled monolayers on gold was examined using SPR under an electric field.

To form metal-polymer hybrid for biomedical devices, two techniques are predominant
according to the purpose: Immobilization of biofunctional polymers to metals and bonding of
biopolymers with metals.

Immobilization of Biofunctional Polymers to Metals

In the first case, poly(ethylene glycol), PEG, is a biofuctional molecule on which adsorption of
proteins is inhibited. In stents, blood compatibility or prevention of adhesion of platelet is necessary.
In guide wires and guiding cathetels, sliding lubrication in blood vessel is important when those are
inserted into there. For these purpose, the fundamental property required to metal surface is the
inhibition of protein adsorption. PEG is a unique biofuctional molecule on which adsorption of
proteins is inhibited. No universal and one-stage technique for the immobilization of PEG to base
metals has been developed. In this study, PEG terminated at both terminals or one terminal with
amine bases was immobilized onto titanium surface with electrodeposition. The PEG was solved to
NaCl solution and electrodepsition was carried out in the electrolyte withS V for 300 s. The thickness
of deposited PEG layer was determined using ellipsometry and bonding manner of PEG to titanium
surface was characterized using X-ray photoelectron spectroscopy (XPS). As a result, a certain
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amount of PEG is adsorbed on titanium not only with electrodeposition but also with immersion
when PEG is terminated by amine. However, terminated amines exist at the surface of titanium and
combines with titanium oxide as N-HO by electrodeposition, while amines randomly exist in the
deposited layer and show ionic bond with titanium oxide by immersion. Moreover, the difference in
amine termination leads to different bonding manner, U-shape in PEG terminated both terminals and
brush in PEG terminated one terminal. Electrodeposition of PEG was effective for the inhibition of
the adsorption of albumin. This process is useful for all electroconductive materials and complicated
morphology [8].

Combination of Metals with Biopolymers

° .-

On the other hand, to develop metal-polymer :' Y :
complexes with high mechanical strength and flexibility y/( L °.: S8 Mo :
for implants, Ti combined with a segmentated . e -'_'__. ".
polyurethane (SPU) through a 3-(trimethoxysilyl) 20 * e P— °
propylmethacrylate (y-MPS) as a coupling agent in this o - o = i > >
study (Fig. 3). The effects of thickness of y-MPS layer » g Mg B =~
and polymerization on the tensile and shear strengths of SH SH SH SH SH
Ti-SPU bonding were evaluated. The thickness of CH; CH; CH; CH, Cil;
y-MPS layer was determined by an ellipsometer. The CH,»  CHs CH. CHs  CH»
failure interface was characterized using scanning i i CH, CH,  CH.
electron microscopy and bonding manner were ey Nepa Tt '” o

characterized using XPS and glow discharge optical
emission spectrometry (GD-EOS). Consequently, the i % o 0O O H ¥
thickness of y-MPS layer increased with the increase of O 0

the solution concentration of y-MPS and soaking time. “
Bonding strength between Ti and SPU was dramatically  Fig. 3 Metal-polymer composite
increased in the presence of y-MPS layer and increased through sirane coupling

with the thickness of the layer. Failure inside y-MPS layer was found when the  -MPS thickness was
I nm, while failure in v -MPS/SPU interface and SPU cohesion failure were observed when the v
-MPS thickness was more than 1 nm. Furthermore, after soaking in Hanks’ solution at 310 K for 1
month, the tensile and shear strength of Ti-SPU bonding were slightly decreased. On the other hand,
they increased with ultraviolet ray radiation and/or heating. This study revealed the useful of y-MPS

to improve between Ti and SPU for implants. This Ti-SPU composite may be a future promising
biomaterial.
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Abstract. In many applications such as catheters, artificial blood vessels and diagnostic sensors,
blood compatibility or prevention of adhesion of platelet is required. The preferred way to control
these purposes is to eliminate or drastically reduce the adsorption of proteins. Surface modification
with Poly(ethylene glycol), PEG has long been known to reduce undesirable protein adsorption. No
technique for the immobilization of PEG to base metal has been developed. In this study, PEG
terminated at both terminals or one terminal with amine bases was immobilized onto titanium
surface by immersion or electrodeposition. The bonding manners of PEG onto titanium, which
involve directionality of terminated amines and chemical bonding states of interface between the
deposited PEG layer and TiO,, were characterized using X-ray photoelectron spectroscopy, XPS.
As a result, terminated amines locate inside of the PEG layer and combine mainly with TiO, as
stable NHO by electrodeposition, while amines randomly exist and show mainly unstable bonding
with TiO, by immersion. Moreover, the difference of amine termination leads to different bonding
manners, U-shape in PEG terminated both terminals and brush in PEG terminated one terminal.
This immobilization process is one-stage convenient technique and useful for all electroconductive
and morphological materials.

Introduction

Metals are often applied in medical and dental devices because they have greater strength and
toughness than ceramics or polymers. Therefore, metals cannot be replaced with ceramics or
polymers at present. On the other hand, metallic materials are generally not expected to be the
biomaterials of the future at the research level because they do not have bioactive and biofunctional
properties. However, metals with biofunctions have been required in the recent past. For example,
in the area of blood-contacting devices such as stents and catheters, preventing the adsorption of
proteins and platelets, blood activation and thrombus formation is required. In guide wires and
guiding cathetels, lubrication in the blood vessels is also important for proper sliding and insertion.
Surface modification using biofuctional molecule such as heparin, self-assembled monolayer and
poly(ethylene glycol), PEG has been shown to be effective for these purposes. Of these, PEG
continues to provide the most promising results in terms of reducing undesirable protein adsorption.
Therefore, the immobilization of PEG to a metal surface is an important method towards the
biofunctionalization of the metal surface.

The immobilization of biofuctional polymers on a noble metals such as gold is usually
conducted by —SH or —SS— binding: however, this technique can only be used for noble metals. In
addition, a polycationic comb-like graft co-polymer, poly (L-lysine)-g-poly (ethylene glycol), PLL-
g-PEG, is immobilized onto negatively charged metal oxide surfaces by a dipping process into an
aqueous solution of the polymer. A surface of stainless steel was firstly modified by a silane-
coupling agent, SCA, (3-mercaptopropyl)trimethoxysilane. These processes require several stages
but are effective for immobilization; however, no promising technique for the immobilization of
PEG to a metal surface has been so far developed.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in anr form or bg any means without the
written permission of the publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 202.242.187.155-21/11/06,02:36:38)
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In this study, PEG terminated at both terminals or one terminal with amine bases was
immobilized onto a titanium surface by immersion or electrodeposition in an attempt to develop a
new technique that could be used for all metals and morphological materials. Furthermore,
directionality of terminated amines and chemical bonding states of interface between the deposited
PEG layer and TiO, were characterized using X-ray photoelectron spectroscopy, XPS because the
protein-repellent effects or durability of PEG layer could be controlled by the bonding manners of
PEG onto titanium surface. Finally, the adsorption of albumin on the PEG immobilized surface
formed by immersion or electrodeposition was evaluated.

Experimental procedure

Both terminals of PEG were terminated with amine (B-PEG; PEG1000 Diamine, NOF
Corporation, Japan), and only one terminal was terminated with amine (O-PEG; SUNBRIGHT
MEPA-10H, NOF Corporation, Japan) because the terminals of PEG is positively charged, from
NH, to NH3", for electrodeposition. The chemical structures of the PEGs are shown in Fig. 1.
Molecular weights of both PEGs were about 1000. 2mass% PEG was dissolved in a 0.3 mol L
NaCl solution, and electrodeposition was carried out at 310 K with =5 V for 300 s (Fig. 2). The pH
of the solution with PEG was 11. Therefore, titanium oxide surface is negatively charged. A
commercially pure titanium disk (diameter 8 mm | thickness 2 mm) with grade 2 was
metallographically polished and ultrasonically rinsed in acetone and deionized water. The titanium
disk was fixed in a polytetrafluoroethylene holder that exposed the area of 28.3 mm?®. The cathodic
potential was charged from open circuit potential, E,p., to =5 V vs. SCE and maintained at this
potential for 300 s. For comparison, titanium was immersed in the electrolyte containing B-PEG
for 2 h and 24 h without any electric charge at 310 K.

Ay HHHH [HH HHHH T | )
W Nf-b-footé-E-ol-E-g-E-
I O I | [ .
HHHH H H nH HHH H, OH- 02
—
SR PN b PN W 3 S ——.
[ .1 I T‘Lh*——NHz’/\/\/ Pt
H HH JnHHHH —
Fig. 1. Chemical structures of PEGs in which Fig. 2. Schematic illustration of
both terminals (A) and one terminal (B) were electrodeposition.

terminated with amine.

The thickness of the PEG layer deposited on titanium surface was determined with an
ellipsometer (DVA-36Ls, Mizojiri Optical Co., Ltd.) in air. The bonding manners of PEG onto
titanium were characterized using XPS (SSI-SSX100). The take-off angle for photoelectron
detection was 35° from the surface of the specimen. The inhibition of protein adsorption to a PEG
immobilized surface was evaluated. Albumin (fluorescein isothiocyanate conjugated bovine,
A9771, Sigma) was dissolved into phosphate-buffered saline without calcium chloride and
magnesium chloride (PBS: Dulbecco’s PBS, D1408, Sigma) with a concentration of 4.5 g ™. The
PEG immobilized specimens were immersed in albumin-containing PBS for 30 min, rinsed with
PBS and deionized water, and then dried with a stream of nitrogen gas (99.9%). The surface of
specimens was observed with a fluorescence microscope (E-600, Nikon).

Results and discussion

Fig. 3 shows the thicknesses of the PEG layers determined by ellipsometry. These thicknesses
are measured in air; therefore, the real thickness in solutions is larger than these values because the
PEG layers swell on exposure to water. The thickness of the PEG layer, which is the amount of
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immobilized PEG, was the largest in this order: 5
24 h immersion in B-PEG, electrodeposition of
B-PEG for 300 s, electrodeposition of O-PEG
for 300 s, and 2h immersion in B-PEG. This
indicated that electrodeposition was more
effective than immersion for the immobilization
of PEG on the titanium surface. In case of 24 h
immersion in B-PEG, the charged terminals of

L w o~

Thickness, d / nm

-

PEG attracted electrostatically titanium surface. .
Carbon, nitrogen, oxygen, and titanium ° BPEG OPEG BPEG  BPEG
were detected using XPS and typical XPS o S NS o

spectra of C | and N 1s electron energy regions  Fig. 3 Thickness of the PEG layer deposited
of these elements are shown in Fig. 4. on titanium by electrodeposition and
Integrated intensities of these elemental peaks immersion. B-PEG: both-terminal-modified
are originated from their own chemical states PEG. O-PEG: one-terminal-modified PEG.
shown in Fig. 4 [1-3]. The proportion of the

integrated intensity equals to that of existence.

The change in the ratios, [C-O, C-NJ/[C-C, CHa], in the C Is peak in each specimen is shown
in Fig. 5. The C-N bond governs this ratio because C-C bonds exist in the entire molecule of PEG,
while C-N bonds only exist in the terminals. The photoelectron signals in XPS abruptly decay
depending on the depth direction. Therefore, the C-N bond at terminals was located inside of the
PEG layer by electrodeposition more often than by immersion. In other words, nitrogen atoms were
located at the interface between PEG and TiO- by electrodeposition.

The change in the ratios, [NH; ]/[NHO], in the N 1s peak is shown in Fig. 6. This ratio was
much smaller in electrodeposited specimens than in immersed specimens. Therefore, amines in
terminals existed mainly as stable NHO bond rather than as unstable NH;" by electrodeposition.

These XPS results are illustrated the PEG immobilized manners onto titanium surfaces as Fig.
7. Amines in terminals locate inside of the PEG layer and combine mainly with TiO; as stable
NHO by electrodeposition, while amines randomly exist and show mainly unstable bonding with
TiO; by immersion. Also, the difference of amine termination leads to different bonding manners,
U-shape in B-PEG and brush in O-PEG. This immobilization process is one-stage convenient
technique and useful for all electroconductive and morphological materials. Moreover, the
electrodeposition of PEG was effective for the inhibition of albumin adsorption.
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Fig.4. C 1s(A) and N 1s (B) electron energy region spectra
by XPS and decomvolution of the peaks to component peaks.



208 THERMEC 2006 Supplement

10 10 — —
08 08 |
3 _
8‘ 08 Jos |
Eo.d ;:"0.4 t
8; =
0.2 02
0o B—PEG O«PEG B-PEG B-PEG e B-PEG O—PEG B-l PEG B-PEG
24 h 24h
Electrodeposition Immersmn Electrodeposition lmmarsnun
Fig. 5. Ratio, [C-O,C-N]/[C-C,CH], Fig. 6. Ratio, [NH;3 ]/[NHO], obtained
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both-terminal-modified PEG. O-PEG: terminal-modified PEG. O-PEG: one-
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Fig. 7. Schematic model of the deposition mode and chemical
bonding state of PEG by immersion and electrodeposition.

Conclusions

A certain amount of PEG was adsorbed on titanium by both electrodeposition and immersion
when PEG is only terminated by amine. However, terminated amines exist at the surface of
titanium and are combined with TiO; as stable NHO by electrodeposition, while amines randomly
exist and show an unstable bonding with TiO, by immersion. The B- PEG is immobilized as a U-
shape, and the O-PEG is immobilized as a brush. The electrodeposition of PEG was effective for
the inhibition of albumin adsorption.  This immobilization process is useful for all
electroconductive and morphological materials.
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Abstract. To develop metal-polymer composite with high mechanical strength and flexibility for
artificial implants, commercially pure titanium (Ti) combined with segmented polyurethane (SPU)
through (3-trimethoxysilyl) propylmethacrylate (y-MPS). The effects of thickness of y-MPS layer
on the shear bonding strength between Ti and SPU were investigated. The thickness of y-MPS layer
was determined by ellipometry. Shear bonding stress of Ti-SPU composite was measured by shear
bonding test. Furthermore, fractured surface of Ti-SPU composite was analyzed by optical
microscopy and X-ray photoelectron spectroscopy. Consequently, shear bonding stress of Ti-SPU
composite was dramatically increased with the increase of the y-MPS layer thickness. This study
revealed that y-MPS is useful to improve bonding between Ti and SPU for artificial implants.

Introduction

Currently, polymers are widely used as biomaterials because of their multiple functions. In
particular, biofunctionalizations by surface modification to polymer surface are important to
achieve improvement of biocompatibility. However, polymers sometimes show insufficient
strength and durability for some purpose caused from their structure. On the other hand, metals
are widely used as biomaterials like stents, hip joints and bone plates with a long history, since
metals have good mechanical properties, especially toughness, and long terms durability. If once
polymer and metal were bonded and used as a composite material, a new material having good
biocompatibility and high mechanical strength could be created. It is required that interfacial
structure designing of composite to develop the material that function based on the structure at
nanometer level.

In the dental field, bonding of polymer with metal has been required to make dentures till
today. In particular, silane coupling agent which has difunctional molecules is widely used to
combine metal and polymer. However, most of research on bonding with silane coupling agent in
the dental material field were only investigated about bonding force, and there is few report that
examines which factors of the silane coupling agent influences the bonding.

The aim of this study is to establish the technique of metal-polymer composite using silane
coupling agent and to investigate accurate appraisal methods of these composites. As the base
materials for the composite, titanium (Ti) and segmented polyurethane (SPU) were employed.
Titanium is the most promising metallic biomaterial and segmented polyurethane is also widely
used because of its antithrombogenicity. Shear bonding force between Ti and SPU that were made
in various conditions was measured by shear bonding test. Furthermore, structure at nanometer
level of fractured surface of composite after shear bonding test was investigated by X-ray
photoelectron spectroscopy (XPS). From these experimental, factors that affect on bonding were
specified.

Material and Methods
Grade 2 commercially pure titanium (CP-Ti) disks with 2 and 5 mm in thickness and 8
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mm in diameter were prepared from wrought titanium rods (Rare Metallic Co., Inc., Japan). The
disks were metallographically polished and ultrasonically rinsed in acetone and deionized water. 0.1,
0.5, 1.0, 2.0 vol.% (3-mercaptopropyl)trimethoxysilane (y-MPS) solutions were prepared by
diluting 100% concentration of y-MPS (Kanto Chemical Co., Inc., Japan) with deionized water
which adjusted pH 4 using acetic acid. The disks were then immersed in the freshly prepared
¥-MPS solution for 1, 10, 50 and 100 min. 2-mm thick disk coated with y-MPS was used for the
determination of the thickness of y-MPS layer by ellisometry, whereas 5-mm thick disks were
continually used for shear bonding test. 3% SPU was prepared from a mixture of 600 mg
Corehtane70A (Crovita, USA), 10 mL tetrahydrofuran (Kanto Chemical Co., Inc., Japan) and 10
mL dimethylformamide (Kanto Chemical Co., Inc., Japan). 5-mm thick disks coated with y-MPS
were then immersed in the freshly prepared SPU solution and kept in a vacuum desiccator for 2
days. Then titanium-SPU (Ti-SPU) composite grip was made by bonding autopolymerized
acrylic resin (UNIFAST II, GC, Japan) to SPU coated 5-mm thick disks, which were used in the
shear bonding test.

Thickness of y-MPS layer was determined using elliposometry (DVA-36Ls, Mizojiri Optical
Co., Ltd., Japan) in air. Light source was He-Ne laser (632.8 nm) and the incident angle to the
titanium surface was 70°. The thickness was calculated by optical constants of the refractive index
and absorption coefficient of titanium oxide on the titanium substrate, 2.209 and 3.079, respectively.

Shear bond strength of the Ti-SPU composite was evaluated using an umversal mechanical
test machine (2000-IB, Shimadzu, Japan) with a crosshead speed of 0.1 mm s™' at room temperature.
For the shear bonding test, an apparatus was originally designed as shown in Fig.1. The SPU
fractured area was measured using a personal computer (NIH Image 1.62 program) and area
fraction of SPU covering the fractured surface area

fraction was then calculated. @) © @

The fractured mode of the Ti-SPU composite and +SPY 1T
the chemical bonding state were characterized using XPS Resin
(SSI-SSX100). The take-off angle for photoelectron w
detection from the specimen surface was 35°.  All pecimen

binding energies given in this paper are relative to the

Fermi level, and all spectra were excited with the

monochromatized Al Ka line (1486.61 eV). The energy

values were based on published data [1]. To estimate

the photoelectron peak intensities, the background was  Fig ) Schematic image of the apparatus
subtracted from measured spectrum according to Shirley's  for adhesion shear test, (a) Moving and (b)

method [2]. The composition and thickness of the fixed part . (c) The Ti-SPU composite was
surface oxide and the composition of the substrate were ¢t through the holes on both parts which
. N . arraigned straight.(d) By pulling up of the
simultaneously calculated according to a method devised moving part, shear stress was applicd onto

by one of the authors of this study [3-4]. Empirical e boundary of composite.

data and theoretically calculated data of relative

photoionization cross-sections were used for the quantification.

Result and Discussion

Different thickness of y-MPS layer with various immersion time and concentration of y-MPS
solution was shown in Fig.2. Even though the immersion time was increased, the thickness of
y-MPS layer was not significantly increased when immersed in 0.1, 0.5 or 1.0 % of y-MPS solutions.
However, the thickness of y-MPS layer dramatically increased with longer immersion time when
specimens were immersed in 2.0% y-MPS solution. The thickness increased as the immersion
time increase, but it decreased when immersion time was 100 min. It could be said that longer
immersion time does not always increase the thickness of y-MPS layer. The shear stress of the
Ti-SPU composite increased with the increase of the concentration y-MPS solution when the
immersion time was limited for 1 min (data was not shown). The shear stress of Ti-SPU
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composite immersed in 1.0, 2.0% y-MPS solutions also
increased with immersion times as shown in Fig3.
Furthermore, shear stress increased with the increase of
thickness of y-MPS layer as seen by the relation between
shear stress of Ti-SPU composite and thickness of y-MPS
layer shown in Fig. 4.

Fig. 5 shows relation between shear stress and SPU area
fraction to total fractured area of Ti-SPU composite. The
shear stress was proportionally increased. Result could
clarify that higher shear stress was observed on the Ti-SPU
composite fractured at SPU area.

By XPS analysis, carbon, nitrogen, sulfur, silicon, and
titanium were detected on the fractured surface. Tablel
shows the ratios, [C-O, C-N, C=NJ/[C], [C=O, OH,
Si-O-Si)/[0], and [Ti°Y/[Ti] in the C 1s, O 1s and Ti 2p
peaks, respectively, obtained from specimen with and
without y-MPS layer. [C-O0, C-N, C=NJ/J[C], was
significantly larger in Ti-SPU composite with the presence
of y-MPS layer. The C-O, C-N and C=N peaks were
thought to originate from the SPU element. In other
words, Ti-SPU composite was fractured remaining SPU
element on the fractured surface regardless of y-MPS layer.
However, amount of residual SPU on the fractured surface
of Ti-SPU composite with y-MPS layer was more than that
of Ti-SPU composite without y-MPS layer. Regardless of
v-MPS layer, Ti’ bond was detected on the fractured surface
of Ti-SPU composites.  The Ti® peak originated from the
titanium metal substrate. Thus, the fracture layer that
remained on the surface of Ti-SPU composite was very thin
(less than 10 nm). Similar to [Ti’)/[Ti], the proportional ratio
of [C=0, OH, Si-O-Si)/[O] in the O 1s peaks was slightly
larger in Ti-SPU composite with than without y-MPS layer.
The Si-O-Si peak originated from the y-MPS layer. This is
reason why proportional ratio of Ti-SPU composite with
v-MPS layer was bigger than that of Ti-SPU composite
without y-MPS layer.

The relative concentration of carbon, nitrogen, oxygen,
sulfur, silicon and titanium in specimens were calculated and
assumed that gross amount of these elements detected by
XPS was 100 mol%. Table 2 presents the concentrations of
carbon, oxygen and titanium on the fractured surfaces of
Ti-SPU composite with or without y-MPS layer. Carbon
concentration originated from the SPU was significantly

higher in Ti-SPU composite with the presence of y-MPS layer.

Moreover, large amount of SPU remained on the surface of
Ti-SPU composite with y-MPS layer compared to the Ti-SPU
composite without y-MPS layer. On the other hand, oxygen
and titanium concentration decreased when y-MPS layer was
present. Using XPS, signals from titanium oxide and
titanium substrate were small due to the remained layer.
Schematic model of Ti-SPU composite structure
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Table 1 The proportional ratio of concentration of [C-O,
C-N, C=N}/ [C] ,[C=O0, Si-O-Si, OH-] / [O] and [Ti% / [Ti]
in fractured surface of the Ti-SPU composite. (number)
mean E£S.D. * in the table represent significant differences
between the corresponding. values (P<0.05)

through y-MPS is shown Fig. 6. 1t is
considered that a length of one molecular
unit is more than 1 nm. If the numbers of
one molecular unit per a unit surface area
have not yet reached to maximum numbers,

each molecular unit keeps distance from the Area (%)
their neighbors and is consequently allowed e NCC o oor—? o T‘l

. . -0, N-C, N= =0,0H’,Si-0-Si i
to- lean on them. This could result, in the Without 7-MPS layer 20.6(0.2)] ,  44.7 (5.6) 5.2 (0.1)
thin of y-MPS layer (less than 1 nm). On with_y-MPSlayer _255(0.9) " 50.7 (3.8) 6.2 (0.8)

the other hand, if the numbers of molecular

unit will be become thicker layer(more than 1
nm). Thick y-MPS layer has more molecular
units bond to SPU. At thick y-MPS layer, thus,
shear stress of Ti-SPU composite was
increased. SPU element remained on that
fractured surfaces of Ti-SPU composite

Table 2 XPS results for relative concentration of elements
in fractured surface of the Ti-SPU composite.(number)
mean =+ SD. * in the table represent significant
differences between the corresponding. values (P<0.05)

Concentration (at%)
[} o] T

. ) without 7 -MPS layer 43.9(2.0) 42.4(1.5) 3.9(0.1)
broken by shear force. This impliesthatb  with y-MPS layer 569(1.3) |° 357012 |* 28(1.0
SPU area fraction remained on Ti-SPU
composite, because of the y-MPS layer.
Furthermore, thicker y-MPS layer coating, @ SO e v segmert ®)
larger SPU area fraction was found. . Poyurethane group
.+ -+ Fractured surface
Summary . e ~
Thickness of y-MPS layer could b SPU -
_y-MFEs layer cou € ISH SH TSH SH
controlled by immersion time and o S - Tsig - S g

concentration of y-MPS solution.  Shear
stress of Ti-SPU composite was increased

with thickness of y-MPS layer. It is © Thin Y,',MPS laye

considered that many molecular unites .. Fractured strfgce
bonded with the SPU stands straight on the <
limited surface area, and resulted in to S':,E’ SA SR SH SA SH SH SH

become thicker y-MPS layer, while less
molecular unites on the SPU easily leant to
neighbor, and resulted in to become thinner
v-MPS layer apparently. This study
revealed that y-MPS is very useful to

- §i 080 SO s O

Thick y-MPS layer

improve the adhesion strength of Ti-SPU
composite for artificial implants. Factors
governing shear bonding strength between Ti
and SPU was thickness of y-MPS layer.

Rifference

Fig. 6 Schematic model of the Ti-SPU
composite structure through y-MPS (a) Thin
and (c) thick layer. Fractured surface of Ti-SPU
composite after adhesion shear test.(c) thin and
(d) thick layers of y-MPS.
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Abstract. To create a new material with good biocompatibility and high mechanical strength for
artificial organs, titanium (Ti) and segmented polyurethane (SPU) were bonded through
3-(trimethoxysilyl) propyl methacrylate (y-MPS), and specify causes governing the bonding strength
of Ti/y-MPS/SPU interface. The number of cross-links of SPU and the concentration of active
hydroxyl groups on the surface oxide film of Ti were controlled by UV-irradaiton and hydrogen
peroxide immersion. The number of cross-links of SPU was measured by differential scanning
calorimetry (DSC) and the concentration of the active hydroxyl groups was also determined using a
zinc-complex substitution technique. Consequently, Ti/y-MPS/SPU shear bonding stress was
increased with the increase of the number of cross-links of SPU. In addition, the increase of
cross-links in SPU also improved the Ti/y-MPS/SPU shear bonding stress.

Introduction

Metals are widely used as biomaterials because of their high mechanical properties, especially
toughness and long-term durability. However, the biocompatibility of metals is generally inferior to
that of polymers and ceramics because no biofunction is added to metals during their manufacturing
process. In order to expand the clinical application of metals, the biocompatibility of metals must be
improved. On the other hand, polymers have been widely used since they have a high degree of
flexibility and biocompatibility. If a metal and a polymer could be bonded and used as a composite
material, a new material having good biocompatibility and high mechanical strength could be created.
The encompassing clarification of the causes governing the bonding strength of the interface is one of
the most challenging aspects to develop composite materials between metals and polymers.

The bonding of metals with polymers is currently utilized in dentistry. In particular, silane
coupling agents are comprehensively used to combine metals with polymers. However, few reports
have examined and discussed the chemical structures at the bonding interface and how they influence
the bonding strength.

In a previous study“], the unequivocal relationship between the shear bonding stress and the
chemical structure at the bonding interface of a Ti- segmented polyurethane (SPU) composite using a
silane coupling agent (y-(trimethoxysilyl) propyl methacrylate: y-MPS) was investigated. One of the
causes governing the shear bonding stress between Ti and SPU is thickness of the y-MPS layer.

The objective of this study was to investigate the effect of active hydroxyl groups on the surface
oxide film of Ti and cross-links of SPU on the shear bonding stress of the interface in Ti-SPU
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composite. The number of cross-links of SPU was measured by differential scanning calorimetry
(DSC) and the concentration of the active hydroxyl groups on the surface oxide film was also
determined with the zinc-complex substitution technique ”. The shear bonding stress between Ti and
SPU in Ti-SPU composites manufactured under various bonding conditions was evaluated.

Material and Methods

UV-irradiation treatment.
Commercially pure Ti disks with 2-mm thickness

and 8-mm diameter (grade 2; Rare Metallic Co., Inc., (a) (c) (d)
Japan) were metallographically polished. 0.1, 1.0, and spu E B
2.0vol.% y-MPS (Kanto Chemical Co., Inc., Japan) was Res'"
prepared by diluting with deionized water and adjusted to

pH 4.0 using acetic acid. Ti disks were immersed in 0.1 pecumen
vol.% y-MPS for | min (A), inl1.0vol.% y-MPS for 1 min

(B), and in.2.00ovol.% y-MPS for 50 min (C). According to

previous research!, it is predicted that the thickness of the

v-MPS layer on the Ti disks was the largest in this order:C,
B, A.

To prepare a 3vol.% SPU solution, 600 mg Eéi; Slioﬁcglf?;ﬂ; SLm?agf 13{2 3;: :,ﬁ’ga{;;“;,ﬂ
Corethane70A (Crovita, USA), 10 mL tetrahydrofuran ..\ ) The Ti-sPU composilci,as setthrotigh
(Kanto Chemical Co., Inc., Japan), and 10 mL the holes on both parts which arraigned straight.
dimethylformamide (Kanto Chemical Co., Inc., Japan) were () By P;}“ji“g up 31*" ﬂ;f modviﬂs peet ShiES SR
mixed. The Ti disks coated with y-MPS were then immersed 70 - oo (e poundany of composite.
in the SPU solution for 2 d. Ti disks bonded to SPU were
irradiated using a UV irradiation unit (Labolight, GC, Japan) for 20 s, 40 s .60 s, and 80 s. The grip for
the shear bonding tests was formed on the outer surface of the SPU layer using an autopolymerized
acrylic resin (UNIFAST II, GC, Japan). The shear bonding stress of the Ti/y-MPS/SPU interface of
the Ti-SPU composite was evaluated using a universal mechanical test machine (2000-IB, Shimadzu,
Japan) with a crosshead speed of 0.1 mm min~' at ambient temperature (Fig. 1).

SPU sheets were manufactured to determine the glass transition temperature (7g) of SPU. 10
.mL of the 3% SPU solution was dried in the vacuum desiccator for 2 d to obtain SPU sheets. UV was
irradiated onto 10-mg SPU sheets for 0 s, 60 s, and 900 s. DSC (DSC7000. ULVAC, Tokyo) was
carried out under a nitrogen atmosphere from —100 °C to 100 °C at a heating rate of 20 °C min™". T,
was determined as the intersection of the forward-extrapolated baseline with the
backward-extrapolated initial slope of the peak.

Hydrogen peroxide immersion treatment.

The concentration of active hydroxyl groups could increase by immersion into a hydrogen
peroxide (H,0,) solution ). Ti disks were immersed in a 3vol.% H,0, solution (Kanto Chemical Co.,
Inc., Japan) at 303 K for | h, 24 h, 48 h, and 72 h to control the concentration of active hydroxyl
groups on Ti. The chemical state of the surface oxide of the H,O, treated Ti was determined using
X-ray photoelectron spectroscopy (XPS, SSX100, SSI, UK) and the concentration of active hydroxyl
groups existing on the surface oxide film on Ti disks was determined using a zinc complex
substituting technique. The H,O»-treated Ti disks were immersed in a y-MPS solution and bonded to
SPU as described above. After the grips had been formed, the shear bonding test of the
Ti/y-MPS/SPU interface was carried out in the same manner as described above.
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Result and Discussion
Effect of UV irradiation on Ti-SPU composite. 12
The relationships between the UV irradiation time and ¢
the shear bonding stress of the Ti/y-MPS/SPU interface are = 25 _
shown in Fig. 2. Regardless of the thickness of the y-MPS E T ¢ 378 )t
layer, the shear bonding stress of the Ti/y-MPS/SPU interface £ s oo G 4 2
increased with the UV-irradiation time. However, it 3,1 s
decreased at 80s irradiation (A and B) and 60 s irradiation 2 s g’}‘ﬁfﬁ% — '
(C). The optimal UV-irradiation times were 60 s (A and B) 2 2 -~ B(1.0vwl% 1 mn)
and 40 s (C) » . * C(Z.D\..'ol% 50 r:nin)
0 20 80 100

The typical thermal analysis curves around the 7 region
are shown in Fig. 3. The T, of SPU without UV irradiation,
that with 1-min irradiation, and that with 15min irradiation
were —54.3 °C, —49.1 °C, and —53.0 °C, respectively. The T,
of SPU increased with the UV irradiation. However, the 7T}
decreased after long irradiation.

40 60
Irradiation time, t /s
Fig. 2 Relationship between the UV-irradiating
time and the shear bonding stress of the
Ti/y-MPS/SPU  interface of the Ti-SPU
composite. immersed in (A) 0.1%/y MPS for 1
min, (B) 1.0% y-MPS for 1 min, and (C) 2.0%y-
MPS for 50 min.

It was considered that UV irradiation increased the Js- e

number of cross-links in SPU, in other words, the degree of e ¥

apparent polymerization. Therefore, the determination of the |} =~ <49.1°C . 15 min
T, of SPU was carried out using DSC. It is widely known E S - el
that 7, increases with the increase in the number of g ™ Sl 1 min
cross-links in a polymer. Consequently, it was revealed that & e
Ty and the number of cross-links in SPU increased at the Kheeted ~_Omin
optimal UV irradiation. However, 7, decreased with v .
excessive irradiation of UV. This indicated that excessive 7 &b 25 p

UV irradiation decreased the number of cross-links, i.e., the
degree of apparent polymerization. Furthermore, the SPU
deteriorated with UV irradiation.

Schematic illustrations of the effects of UV irradiation
on the Ti/y-MPS/SPU interface are shown in Fig. 4.
Hydrophobic CH; groups of SPU and y-MPS existed as
mutually intertwined. These intertwining CH; groups
consolidated more when the number of cross-links in SPU
increased with UV irradiation (Fig. 4(b)). Therefore, the
shear bonding stress of the TI/y-MPS/SPU interface
increased with UV irradiation.

Temperature °C
Fig. 3 Typical thermal analysis curve
around the T, region.
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Fig. 4 Schematic model of Ti/y-MPS/SPU

interface  structure through y-MPS. (a)

Effect of hjydroxly groups on Ti-SPU composite. Tommd oo
The O Is elect_rqn energy region. peak zcontained. three 0s RO?17[0]

component peaks originating from oxide, O”, hydroxide or s
hydroxyl groups, OH’, and hydrate and/or adsorbed water, o 06 *
H,0. The ratios of [0*]/[O], [OH])/[O], and [H,0]/ [O] on & » "
the surface oxide film of Ti disks plotted against the ) (OH]/[O] 2
H,O;-treatment time are shown in Fig. 5. In a Ti disk with * . N
H,O; treatment for 1 h, the [02']/[0] increased, whereas the (017 [?L .+
[OH)/[O] and the [H,O]/[O] decreased. With the H,O, ¢ B 24 5= - 80
solution as an oxidant, the oxidation of the surface oxide film H,O.-treatment time, ¢/ h
progressed. Each ratio was almost constant up to 48 h. The  Fig. 5 Ratio of the proportion of the

concentration of O to that of O, OHto that of O,
and H,0 to that of O in surface oxide film on Ti
disks plotted against H,0, treatment time.

surface oxide film of Ti disks was completely oxidized and
consisted of only TiO, The [0%]/[O] and [OH]/O]



