1991; Cheng et al., 1998). From the ICP-AES
measurement, the Ca/P molar ratio of the HAp
calcined with PAA-Ca was 1.72, and that without
additives corresponded to that of stoichiometric
HAp (Ca/P = 1.67). It is worth pointing out that
the calcium-rich carbonate-substituted HAp had
improved mechanical and biological properties
compared to stoichiometric HAp (Gibson &
Bonfield, 2002). We have already reported that the
HAp nanocrystals, which were calcined with the
anti-sintering agent. coated on a poly(ethylene
terephthalate) (PET) substrate showed no cell
toxicity and an improvement of cell adhesion
compared to the unmodified PET substrate
(Furuzono et al., 2006).

Figure 6 shows SEM and TEM photographs of
the original HAp particles and the calcined HAp
crystals. In the SEM photograph of the original
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Figure 7. Size distributions of (a) original HAp particles
before calcination, and HAp crystals after calcination (b)
without additive and (c) with PAA-Ca. The size distribu-
tions were measured in ethanol.

HAp particles (Figure 6a), they had a rod-like
morphology with a size ranging from 30 to 80 nm
(short axis) and 300 to 500 nm (long axis). In the
case of calcination without additives, some
micron-sized agglomerates of polycrystals were
observed, as shown in Figure 6b. On the other
hand, in the case of calcination with PAA-Ca, the
rod-like morphology was preserved. The higher-
magnification TEM image of a particle calcined
with PAA-Ca and its electron diffraction pattern
(Figure 6d and e, respectively) confirmed that the
particle was a single HAp crystal, and the long axis
of the crystal was parallel to the c-axis of the HAp
lattice. Other calcium phosphate phases could not
be detected in the inside nor on the surface layer of
the HAp crystals in Figure 6d.

The size distribution of HAp crystals and the
specific surface area of the crystals are shown in
Figures 7 and 8, respectively. The size distribution
shown in Figure 7 was measured in an ethanol
medium by DLS. In the case of calcination with-
out additives, the mean size (1871 nm) and the
specific surface area (15.5 m%/g) of the crystals
were, respectively much larger and smaller than
those of the original particles before calcination
(mean size, 468 nm; specific surface area, 19.6 m?/
g). which indicate the formation of agglomerates
comsisting of sintered polycrystals after calcination
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Figure 8. Specific surface areas of (a) original HAp parti-
cles, and HAD crystals after calcination (b) without additive
and (c) with PAA-Ca. Error bars represent standard devi-
ations of triplicates (**p < 0.01).



without additives. In the case of calcination with
PAA-Ca, the size distribution (mean size, 430 nm)
and the specific surface area (19.6 m*/g) of the
crystals almost corresponded to those of the ori-
ginal particles before calcination, respectively. In
addition. the size of the HAp crystals in ethanol
was close to the crystallite size in the long axis
(300-300 nm) determined from the electron
micrographs (Figure 6¢). These results indicate
that sintering between the HAp nanocrystals could
be prevented by PAA-Ca surrounding the crystals
prior to calcination.

Conclusion

HAp nanocrystals having a rod-like morphology
were calcined at 800°C for 1 h with PAA-Ca used
as the anti-sintering agent surrounding the parti-
cles, followed by removal of the agent. Although
PAA-Ca was thermally decomposed during calci-
nation, the decomposed product, CaO, remained
on the particle surface. In the case of calcination
without additives, some large agglomerates con-
sisting of sintered polycrystals were observed. On
the other hand, the HAp nanocrystals calcined
with PAA-Ca showed high dispersibility in liquid
media and a large specific surface area due to the
anti-sintering effect of PAA-Ca surrounding the
particles. Also, the HAp crystals calcined with
PAA-Ca showed highly crystallinity, and no other
calcium phosphate phases could be detected.
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Abstract

Calcined nanocrystals of hydroxyapatite (HAp) having spherical or rod-shaped
morphologies were coated through covalent linkage on a Type 316L stainless-steel substrate,
which was chemically modified by the graft polymerization of y-methacryloxypropyl
triethoxysilane (MPTS) at 70-110°C. The grafting of poly(MPTS) on the substrate was
confirmed by X-ray photoelectron spectroscopy (XPS) and attenuated total reflection Fourier
transform infrared spectroscopy (ATR FT-IR). In order to coat the substrate with the HAp crystals
through covalent linkage, the reaction between the alkoxysﬂyl groups in the poly(MPTS) grafted
on ihe substrate and the OH groups on the HAp crystals was conducted at 80°C. The
poly(MPTS)-grafted substrate was uniformly and strongly coated with the HAp nanocrystals,
although the HAp crystals adsorbed physically on the original substrate without poly(MPTS)
grafting were removed by ultrasonic treatment. Human umbilical vein endothelial cells
(HUVEC) adhered in larger numbers on the HAp-coated stainless-steel substrate as compared
with the original substrate, and spread to a greater extent than that on tissue culture polystyrene
(TCPS) after 24 h of initial incubation. The number of HUVEC adhered on the rod-shaped
HAp-coated substrate and the spherical HAp-coated substrate at the same HAp coverage ratios

of 50% was not significantly different.
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1. Introduction

Hydroxyapatite (HAp) ceramics, a type of bioceramics, have been extensively used as
implant materials for orthopedic and dental applications because they bond directly to the bone
after implantation [1-5], resulting in the formation of a strong bone-implant interface. HAp
ceramics have attracted attention also as a soft-tissue compatible material through the
development of percutaneous devices [6]. However, owing to their mechanical weakness and
brittleness, the applications of HAp ceramics have been confined to those areas for which a low
mechanical stress will suffice.

We have recently developed a novel nanocomposite for a soft-tissue-compatible material
[7-9]: a silk fibroin or a poly(ethylene terephthalate) fiber, whose surface was modified with
nano-sized and calcined HAp crystals through covalent linkage. The novel composite nearly
retained the flexibility of the polymer substrate and exhibited good tissue adhesion due to the HAp
crystals on its surface [10]. The coating of the calcined HAp nanocrystals may be an effective way
to improve the cell- or tissue-adhesion activity of substrates without a coating of adhesion proteins
derived from animals, such as collagen and gelatin, which are intractable in terms of sterilization
and storage. Recently, there have been also concerns regarding the possible role played by these
proteins in infectious diseases such as bovine spongiform encephalopathy (BSE).

If our HAp nanocrystal coating technique can be applied to biomaterials other than polymer
materials, its widespread application in medical fields is expected. In this regard, a metal
material—Type 316L stainless steel—was selected in this study. Type 316L stainless steel is one

of the most important metal biomaterials in the medical field, and has been used in artificial bones




[11], stents [12], etc. The surface modification of metal materials with HAp by the following
techniques has been studied with a view to improve biocompatibility: plasma-sprayed coating [13],
sputtering coating [14-15], pulsed laser deposition [16], electrochemical deposition [17],
electrophoretic deposition [18, 19], treatment with simulated body fluid [20], and sol-gel coating
[21]. The HAp-coating layer obtained by the above methods has an amorphous structure or low
crystallinity, and the interaction at the interface between HAp and the metal surface is weak [13].
Accordingly, heat treatment around 1000°C is required to crystallize the HAp and obtain stronger
interaction between HAp and the metal surface [22]. There is, however, concern regarding the
effects of the high-temperature treatment on metal material and the HAp coating layer, e.g., the
precipitation of carbide (CrsCs) and intermetallic phases at the grain boundaries by the heat
treatment of Type 316 austenitic stainless steel at 500-900°C [23]; and the metal-catalyzed
degradation and shrinkage-induced cracking of the HAp layer [24].

In the present study, the above problems have been overcome by utilizing our novel coating
technique for Type 316L stainless-steel substrate with calcined HAp nanocrystals through
covalent linkage, which is shown in Fig. 1. The formation of covalent bonding between the HAp
nanocrystals and the substrate was carried out at 80°C by a coupling reaction between the OH
groups on the HAp crystal and the alkoxysilyl groups of the polymer, which was grafted on the
substrate at 70-110°C. The influence of the HAp nanomorphology was evaluated by human

umbilical vein endothelial cells (HUVEC) adhesion tests.
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Materials and methods
Materials

The Type 316L stainless steel used in this study had a disk shape with a diameter of 12 mm
and height of 3 mm, and it had the following bulk composition: C, 0.02%; Ni, 12.12%; Cr,
17.20%; Si, 0.48%; Mn, 1.39%; P, 0.33%; S, 0.24%; Fe, balance. The silane coupling agent,
3-mercaptopropylirimethoxysilane (95% purity), was purchased from Sigma-Aldrich Co., WL,
USA. y-Methacryloxypropyl trimethoxysilane (MPTS), used as the monomer in the graft
polymerization, was donated by Shin-Etsu Chemical Industries Co., Tokyo, Japan.
2,2"-azobis(isobutyronitrile) (AIBN; Nacalai Tesque Inc., Kyoto, Japan), used as the radical
initiator, was purified by recrystallization. Water was purified using a Milli-Q system (Millipore
Corp., Bedford, Mass.). Other materials were of reagent grade and used as purchased from Nacalai
Tesque Inc.

HAp crystals with spherical or rod-shaped morphology were prepared by a wet chemical
process. These HAp crystals were used after calcination at 800°C for 1 h with an anti-sintering
agent surrounding the crystals to prevent the calcination-induced sintering [25-26]. The agent was
removed by washing with water, and then the HAp crystals were dispersed in ethanol medium.
The particle sizes measured from scanning electron microscopy (SEM) photographs (see Fig. 2)
were as follows: spherical HAp nanocrystals, 73 nm (coefficient of variation (Cv), 23.1%); short
axis of rod-shaped crystals, 94 nm (Cv, 26.9%); long axis of rod-shaped crystals, 401 nm (Cv,

50.2%).




Silanization of stainless-steel substrate

First, the stainless-steel substrates were cleaned ultrasonically in an acetone bath for 30 min
followed by chemical treatment in a concentrated nitric acid aqueous solution for 30 min. The
substrate was then thoroughly rinsed with water, and dried under N,. The silanization of the
substrate was performed at room temperature for 3 h in 10 mM ethanol solution of the silane
coupling agent 3-mercaptopropyltrimethoxysilane. The silanized substrate was rinsed with
ethanol and water to remove unreacted agents. It was then dried gently in N, and aged at 110°C for

1h.

Graft polymerization of MPTS onto silanized stainless-steel substrate

Graft polymerization of MPTS onto the silanized stainless-steel substrate was conducted
according to literature [27] as follows. The substrate was carefully immersed in a 100 mL flask
equipped with an inlet for N, a reflux condenser, and a stirrer. Anhydrous toluene (25 mL) was
added in the flask after purging N, for 30 min. The temperature of the mixture was raised to 70°C;
3.3 mL of MPTS monomer and 5 mL of anhydrous toluene solution containing 33 mg of AIBN
were then added. The mixture was occasionally stirred during polymerization at 70°C for 2 h.
Subsequently, the substrate was washed with ethanol several times to remove any homopolymers
that were formed during the polymerization; finally, it was dried under reduced pressure for 1 h at

50°C.

Coating of HAp nanocrystals on stainless-steel substrate
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The poly(MPTS)-grafted stainless-steel substrate was soaked in the HAp suspension (1.0
wt%) in ethanol for 1 h at room temperature so that the crystals were adsorbed on the grafted
substrate. Then, the substrate was first dried under N,, and then heated at 80°C for 2 h under
vacuum (1 mmHg) in order to form covalent linkage by the reaction between the OH groups on
the HAp crystals with the alkoxysilyl groups on the poly(MPTS) grafted on the substrate. The
composite was washed in ethanol using an ultra sonic generator (output: 20 kHz and 35 W) for 2
min to remove the unreacted HAp crystals, which were physically adsorbed on other crystals. The
composite was finally washed in a large amount of ethanol and water to remove the residual

organic compounds.

Cell adhesion test

HUVEC were placed onto the HAp-coated stainless steel in 24-well multiplates at 8 x 10*
cells/cm® in endothelial cell basal medium-2 (EGM-2; supplemented with heat-inactivated 5%
fetal bovine serum (FBS) and 1 mg/mL of gentamicin/amphoterisin B) and incubated at 37°C for
24 h. The original stainless steel and a tissue culture polystyrene (TCPS) dish were used as
controls.

For scanning electron microscope (SEM) observation, the samples, after incubation for 24 h,
were washed twice in phosphate-buffered saline [PBS(-)]. The cells were then fixed with 10%
buffered glﬁtaraldehyde for 20 min at room temperature, followed by rinsing with PBS(-) thrice.
The cells were sequentially dehydrated with aqueous ethanol (50-100%) and 100% r-butanol for

5 min at room temperature step by step. The samples were lyophilized and coated with gold.




The number of cells that adhered on the samples after incubation for 24 h was counted by
colorimetry using Model 680 (Bio-Rad Laboratories, Inc., Tokyo, Japan) at 450 nm after staining
with a water-soluble tetrazolium salt (Cell Counting Kit-8; Wako Pure Chemical Industries and

Ltd., Osaka, Japan).

Measurements

The surface of the stainless-steel substrates and the cell morphologies were observed using a
5-kV SEM (JSM-6301F, JEOL, Tokyo, Japan). The surface modification of the substrate was
confirmed by using attenuated total reflection Fourier transform infrared spectroscopy (ATR
FT-IR; Spectrum One, Perkin-Elmer Inc., MA) at 4-cm™ resolution with 16 scans, and X-ray
photoelectron spectroscopy (XPS; PHI Model 1600S, Physical Electronics, Inc. MN) with a
100-W non-monochromated MgKo. source at an emission angle of 45° and an investigated size of

0.8 x 2.0 mm.

Results and Discussion

A schematic diagram of the procedure for coating the stainless-steel substrate with calcined
HAp nanocrystals is shown in Fig. 1. In order to covalently link the substrate and the HAp
nanocrystals, the substrate was chemically modified with poly(MPTS), the alkoxysilyl groups of
which can couple with the OH groups on the HAp crystal [28]. Although the physical adsorption
of the MPTS homopolymer onto a substrate is the simplest method for the modification, it is not

the most reliable way to obtain a poly(MPTS)-modified surface, as discussed below. Hence, the
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graft polymerization was conducted in this study to covalently link the poly(MPTS) and the
substrate, that is, to obtain a permanently modified surface. Prior to the graft polymerization, the
substrate surface was first modified with 3-mercaptopropyltrimethoxysilane, which has mercapto
groups. A mercapto group has a large transfer coefficient for radicals [29], which results in the
formation of sulfur radicals on the substrate in the presence of a free-radical initiator such as
AIBN. The silanization and the graft polymerization onto the stainless-steel substrate were
conducted based on literature [27].

Table 1 shows the surface composition of the original, silanized, and poly(MPST)-grafted
stainless-steel substrates measured by XPS. The XPS spectrum of the original substrate showed
carbon and oxygen signals in addition to metal signals. The carbon signal could be attributed to
the intrinsic carbon content of the steel alloy and/or the adsorption of trace amounts of
hydrocarbon contaminants on the substrates. The strong O;; signal in the original substrate could
be attributed to hydrated oxides that covered common metals and alloys under ambient conditions.
The presence of the hydrated oxides is favorable for the subsequent silanization because the
coupling of a silane compound on a metal surface is considered to involve the following three
steps [30, 31]: (1) hydrolysis of the silane coupling agents; (2) formation of hydrogen bonding;
and (3) formation of metal-oxide bonding (M-O-Si). After the silanization of the substrate, the
corresponding silicone and sulfur signals were observed in the XPS spectrum with an enhanced
Cs signal. The presence of metal signals suggests the formation of a thin layer of the silane
coupling agent on the substrate. Following the graft polymerization of MPTS, the metal signals

were not observed by XPS, suggesting the formation of a thick and uniform coating of the
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poly(MPTYS) on the substrate.

Fig. 3 shows the ATR FT-IR spectra of the MPTS homopolymer produced by solution
polymerization under the same conditions as those in the graft polymerization, and the
stainless-steel surface after the graft polymerization of MPTS. The spectrum of the MPTS
homopolymer was measured after dip coating on the original stainless-steel substrate with its
ethanol solution. It is noteworthy that the spectrum of the original stainless-steel substrate did not
show any peaks in the same range. In the case of the MPTS homopolymer physically adsorbed on
the original substrate, the Si-O-C stretching vibration of the alkoxysilyl groups was observed at
1076 cm™. On the other hand, in the case of the subsirate after the graft polymerization of MPTS,
the same spectrum as that in the poly(MPST) was observed. It is important to note that the
poly(MPST) spectrum was observed on the grafted substrate after vigorous washing with ethanol,
although the spectrum of the MPTS homopolymer physically adsorbed on the substrate
disappeared after one wash with ethanol. From the above results, it was clear that the grafting of
poly(MPTS) from the stainless-steel surface was well conducted.

The HAp nanocrystals, which were calcined at 800°C, were coated on the
poly(MPTS)-grafted substrate through covalent linkage. Fig. 4 shows the SEM photographs of the
HAp-coated substrate after ultrasonic washing. As a negative control, the original substrate, which
was neither modified with the silane coupling agent nor with MPTS, was used for the
modification with HAp nanocrystals. Although the HAp nanocrystals were adsorbed on the
original substrate, nearly all of them were removed by the ultrasonic treatment, as shown in Fig. 4

(b). On the other hand, the crystals remained on the poly(MPTS)-grafted surface, regardless of the

-10 -
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morphology (spherical or rod-shaped) of the HAp crystals. The substrate was uniformly covered
by the HAp nanocrystals without severe aggregations, because nearly all the nanocrystals could be
dispersed in a medium by preventing the calcination-induced sintering among the crystals with the
anti-sintering agent [24, 25]. Since the covalent linkage could not be observed directly on the
substrate, the covalent linkage was estimated indirectly from the FT-IR analysis for the mixture of
the HAp nanocrystals and MPTS homopolymer [7]. Contact atomic force microscopy also
revealed that the bonding strength between the HAp nanocrystal and the poly(MPTS)-grafted
surface was approximately 12 times higher than that of the original surface. The relationship
between the nature of the surface and the bonding strength will be discussed in a separate
publication [32].

Figs. 5 and 6 show the SEM photographs of HUVEC morphologies and the number of
HUVEC on the samples after 24 h of incubation. The cover ratio of the HAp/stainless steel was
conirolled at around 50% by changing the concentration of HAp dispersion in the adsorption
process. The cells seldom adhered on the original substrate for such a short period of incubation.
On the other hand, the number of cells that adhered on the HAp-coated substrates was larger than
that in the case of the original substrate (see Fig. 6). Kilpadi ef al. showed that cell-adhesion
proteins such as fibronectin and vitronectin exhibited significantly improved adsorption on HAp
ceramic discs sintered at 1000°C for 3 h than on Type 316L stainless steel; this leads to the
conclusion that integrins (fibronectin-binding integrin, a.sB,; vitronectin-binding integrin, oL,fs)
and osteoblast precursor cells adhere significantly better on the HAp disc [33]. These observations

suggest that the improved integrin-mediated cell binding may be one of the mechanisms that lead
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to better cell adhesion on the HAp-coated substrates. As compared to TCPS, HUVEC on the

HA-coated substrates spread to a greater extent and had pavement-like monolayer morphologies,
as shown in Fig. 5. The number of cells on the HA-coated substrates, however, was lesser than
that on TCPS (see Fig. 6). Although the cause of this phenomenon is unclear at present, it may be
based on the more preferential adhesion of cell-adhesion proteins on the HAp-coated substrates
than on TCPS, and/or the surface topography of the HAp-coated substrate, as discussed below.
Next, the influence of the HAp morphology was evaluated. As indicated above, fibronectin
and vitronectin are important for cell adhesion, and these acidic proteins expected to adhere better
to the a-plane surface of HAp; in other words, they adhere better to the rod-shaped HAp crystals
elongated along their c-axis [25] than on spherical HAp. However, there was no difference
between the number of cells and the degree of cell spreading (see Fig. 5) in the rod-shaped and the
spherical HAp-coated substrates having the same surface cover ratio of HAp (50%) under the
present conditions. These results suggest that the cell adhesion on a nano-sized HAp-coated
surface is affected by not only the chemistry of HAp but also the surface topography such as
degree of roughness and microdomain structure: cell adhesion, proliferation, and detachment
strength were surface-roughness sensitive and increased with the roughness of HAp [35]; and the
structure and size of the phase-separated microdomains on the block copolymer, the blocks of
which had different protein adhesion properties, influenced the cell adhesion due to “capping
control” of the membrane proteins on the cells [36, 37]. The topography control of HAp
nanocrystal coating, such as the orientation of HAp nanocrystals and the distance between the

nanocrystals on the surface, are now being attempted, and the cell-adhesion behavior on the
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controlled surface will be reported in the near future.

The HAp nanocrystal coating technique is also applicable to materials with complex shapes
since it is a solution process. We coated a stent (made of Type 316L stainless steel; ACTMENT Co.
Litd., Japan) with HAp nanocrystals by using the procedures described above (Fig. 7); we are now
evaluating it through in vivo animal implantation experiments. Although Type 316L
stainless-steels play a key role in metal biomaterials due to their excellent mechanical features,
low cost, and ease of fabrication, they fail miserably in in vivo conditions due to
corrosion-related problems [38] such as nickel-contact allergy [39]. Késter et al. have reported
that patients with allergic patch-test reactions to nickel and molybdenum showed a higher
frequency of in-stent restenosis than patients without hypersensitivity in a retrospective study
[40], this observation suggests that allergic reactions to nickel and molybdenum ions released
from stainless-steel stents may be one of the triggering mechanisms for in-stent restenosis. The
HAp nanocrystal coating technique developed in this article is expected to retard the corrosion of
metals because this method involves the uniform coating of the polymer layer on the metal

surface.

Conclusion

A novel technique for coating Type 316L stainless-steel substrate with calcined HAp
nanocrystals through covalent linkage without high-temperature treatment was developed. The
coating involved three steps: (1) silanization of the substrate at 110°C; (2) graft polymerization

of poly(MPTS), which could react with HAp crystals, at 70°C; (3) adsorption of HAp
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nanocrystals on the substrate and reaction with alkoxyl groups in the grafted polymer on the
substrate at 80°C. In a cell-adhesion test, HUVEC adhered in larger numbers on the HAp-coated
substrate as compared with the original one, and spread to a greater extent than that on TCPS after
24 h of mitial incubation. The number of cells that adhered and the degree of cell spreading were
not different for the rod-shaped and the spherical HAp coating in the present conditions. The HAp
nanocrystal coating technique is an effective way to improve the cell affinity of metal materials
because it is a coating method that does not involve high-temperature treatment, and it can be

applied to materials with complex shapes since it is a solution process.
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