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Abstract Silicon-substituted hydroxyapatite/poly(e-cap-
rolactone) composite coatings were prepared on titanium
substrate by electrophoretic deposition in n-butanol and
chloroform mixture. The effect of the concentration of
poly(e-caprolactone) in suspension on the morphology and
the microstructure of coatings were investigated, further-
more, the thermal behavior and in vitro bioactivity were also
investigated. The results show that the coarse and accidented
silicon-substituted hydroxyapatite/poly(e-caprolactone)
composite coatings were obtained by electrophoretic depo-
sition when the concentration of poly(e-caprolactone) in
suspension was 6—16 g/l. The adsorption of poly(e-capro-
lactone) on the surface of Si—HA particles hinders the
electrophoretic deposition of Si—-HA. The shear-testing
experiments indicated that the addition of poly(e-caprolac-
tone) in suspension is in favor of improving the bonding
strength of the coatings. After immersion in simulated body
fluid for 8 days, silicon-substituted hydroxyapatite/poly
(e-caprolactone) composite coatings have the ability to
induce the bone-like apatite formation.

1 Introduction

Hydroxyapatite (Ca;o(PO4)s(OH),, HA) is a major inor-
ganic component of natural bone, HA is recognized as
osteoconductive and able to accelerate bone in growth and
attachment to the surface of implant during the early stages
after implantation[1, 2]. However, its mechanical strength
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is too poor to use in load-bearing prostheses, therefore,
significant research activity has been associated with the
development of HA coatings. In the past three decades,
many coating procedures have been documented, but all
have shortcomings [3].

Electrophoretic deposition (EPD) is known to be one of
the most effective and efficient techniques to assemble fine
particles. This technique has received significant attention
due to its simplicity in setup, low equipment cost, and
capability to form complex shapes and patterns [4-6]. Wei
et al. [7] used HA nanoparticles to deposit HA dual-coating
on metal substrates by EPD, and studied the interfacial
bond strength of the coatings. Hamagami et al. [8] fabri-
cated highly ordered macroporous apatite coating onto
titanium by EPD. However, EPD cannot be used for the
fabrication of dense coatings on metals due to the sintering
shrinkage, chemical reactions between the coatings and the
substrates, and other problems discussed in the literature
[9-11]. These problems can be eliminated by the fabrica-
tion of polymer—ceramic composites [12]. The use of
polymers offers the advantage of low temperature pro-
cessing of composite materials. By coating with plastic
polymer layer, the brittleness of the apatite is expected to
be overcome.

In recent years, there is a tendency to develop ceramic-
polymer composite coatings on titanium substrate in order
to obtain new type of coatings [13]. Ceramic—polymer
composite coatings impart other functional properties to
the implants, such as chemical stability, bioactivity, bio-
compatibility, and antimicrobial properties [14]. Sewing
et al. [15, 16] reported a multi-layer collagen/calcium
phosphate coating on titanium where the collagen was
physically absorbed on the surface followed by electrolytic
deposition of a calcium phosphate layer. Lin et al. [17]
prepared hybrid bioceramic coating of hydroxyapatite
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(HA)/poly(vinylacetate) on the surface of Ti-6Al-4V alloy
in order to improve the adhesion between the HA coating
and the metal substrate. The shear-testing experiments
indicated that the bonding strength of the hybrid coating to
metal substrate was increased by as much as 3 MPa. Yo-
usefpour et al. [3] reported that a synergistic effect of co-
deposition of HA coating and vinyl acetate polymer might
exhibit improved crystallization of HA coating, with better
bioactivity. Several investigations were focused on the
fabrication of HA-—chitosan coatings [18, 19]. Electro-
chemical precipitation methods were developed for the
formation of calcium phosphate—chitosan composites,
which can be converted to HA—chitosan coatings by heat-
ing in aqueous solutions of sodium hydroxide [18].
Another approach is based on EPD of HA nanoparticles
and chitosan macromolecules [20]. Zhitomirsky et al. [14]
reported the HA-chitosan coatings using a combined
method, based on the EPD of HA and electrochemical
deposition of chitosan. The co-deposition of HA and
chitosan enabled the room-temperature fabrication of
advanced coatings by EPD [14, 20]. Therefore, the prob-
lems related to the high-temperature sintering can be
avoided.

In a previous investigation [21], we have discovered a
possibility to fabricate silicon-substituted hydroxyapatite
(Si—-HA) coatings by EPD in a high stable suspension
containing fine Si—-HA particles using n-butanol and chlo-
roform as medium and triethanolamine (TEA) as the
additive. Owing to the chloroform solvent properties, some
biodegradable polymer, such as polylactic acid (PLA),
polycaprolactone (PCL) could be dissolved in the medium,
so that the HA and the polymer could be co-deposited on a
titanium substrate by EPD. The objective of this study is to
develop a method for the preparation of HA-polymer
composite coatings on the titanium implants. The mor-
phological change, microstructure, and bioactivity of the
composite coatings were investigated. Si-HA was
employed because the studies carried out by Carlisle [22]
indicated the importance of the silicon on bone formation
and calcification. The use of Si-HA as a biomaterial has
been reported recently [23-26]. However, the study of
depositing Si—-HA coatings onto metallic surface have been
few reported [21, 27]. The PCL was attractive due to its
low cost, sustained biodegradability, and availability at low
molecular weight [28, 29].

2 Materials and methods
2.1 Preparation of 0.8 wt% Si—HA nanoparticles

The procedure for preparation of 0.8 wt% Si—HA nano-
particles were based on that previously described [30]. The
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Si-HA nanoparticles were prepared by hydrothermal
reaction of  Ca(NOs), - 4H,0, (NH,);PO,  and
Si(OCH,CHj3)4 (TEOS) solutions. The quantities of reac-
tants were calculated by assuming that silicon (or silicate)
would substitute for phosphorus (or phosphate). The
Ca(NOs), - 4H,0 solution was added to (NH4);PO, and
TEOS mixed solutions while stirring at room temperature
in a reactor. The mixtures were stirred for 0.5 h, then
hydrothermal treatment at 200°C for 8 h. The resulting
precipitates were filtered, dried at 100°C overnight.

2.2 Preparation of the coatings

1 g Si-HA powders were ultrasonic agitated in 34 ml n-
butanol containing 15 ml 17" triethanolamine and 0-0.8 g
PCL was dissolved in 16 ml chloroform, and then these
two solutions were mixed. The final concentration of PCL
is 0—16 g/l. Deposits were made on 1 cm x 1 cm titanium
substrates, which were abraded on SiC grit paper and then
ultrasonicated in acetone and ethanol, washed with distilled
water and then activated in 1:1(vol) H,O,/NHj; solution at
room temperature overnight, and dried in air at room
temperature. The Si—-HA powders were positively charged
in the n-butanol and chloroform mixed medium, moving
towards the cathode under the influence of the electric field
and depositing there. Therefore, titanium substrate served
as the cathode in a two electrode electrochemical cell. A
4 cm x 3 cm platinum plate was used as the parallel
anode. The distance between the electrodes was 7.5 mm.
Deposition was carried out for 90 s. For all deposition
times the voltage was maintained at 30 V. After deposition,
the coatings were washed with distilled water and dried in
air at 50°C.

2.3 In vitro bioactivity tests

The in vitro bioactivity of Si-HA/PCL composite coatings
were studied by immersing them into the simulated body
fluid (SBF) for 8 days at 37°C without stirring before they
were taken out for coating characteristics. The compositions
of SBF are reported in literature [31]. The SBF solution was
buffered at pH 7.4 with tri[hydroxymethyl]Jaminomethane
[(CH,OH3);CNH3] and hydrochloric acid.

2.4 Sample characterization

The morphology of the coatings were characterized by
Philips X130 environmental scanning electron microscope
(SEM). The microstructure and chemical composition were
characterized by Philips X Pert MPD X-ray diffractometer
(XRD) and Nicolet Avatar 360 Fourier transform infrared
spectroscope (FTIR). The thermal stability of the coatings
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were measured by Mettler-Toledo 851e thermogravimetric
and differential thermal analyzer (TG/DTA) at a heating
rate of 10°C/min to 1,000°C in an N, atmosphere. The
interfacial shear strength of the coatings were carried out
with a materials testing machine (LRSKN) using a 10 kN
load cell and a crosshead speed of 1.0 mm/min. For each
testing material, three specimens were used, and the shear
strength data was reported as the average value.

3 Results and discussion
3.1 SEM analysis

Figure 1 shows the SEM micrographs of the coatings
prepared in the different content of PCL in suspensions, it
can be seen that the surface of Si—-HA coating without PCL
is relatively smooth (Fig. 1a). The surface of Si-HA/PCL
composite coatings are coarse and accidented and there are
many pores in it (Fig. 1b, ¢). Si-HA particles are positively
charged in suspensions which can move to cathode under
an applied electric field. However, PCL is dissolved but not

Fig. 1 SEM morphologies of
Si—-HA coating (a) and Si-HA/
PCL composite coatings with
different PCL content: b 6 g/l;
cl12g/ll;d, e 16 g/l; £ 12 g/l,
cross section

charged in n-butanol-chloroform mixture. It is suggested
that only physical adsorption resulted in an accumulation
of PCL at the cathode, and the Si-HA particles are wrap-
ped in the PCL layer. The insulative property of PCL will
prevent the electrophoretic deposition of Si—-HA particles,
and lead to the inhomogeneity of deposition, and the
porosity of the composite coatings. When the content of
PCL in suspension up to 16 g/l, the PCL layer increases
with the content of PCL in suspension (Fig. 1d), but the
surface of coatings have obvious crack (Fig. le). It is
suggested that the increase in the PCL concentration in the
solutions containing Si—-HA particles can result in an
increasing suspension viscosity, decreasing electrophoretic
mobility, and thus decreasing deposition yield of Si—-HA.
Due to the difference of thermal behavior between PCL
and Si-HA particles, the cracks in the composite coatings
can be attributed to the drying shrinkage. Figure 1f shows
the SEM micrograph of the cross-section of the composite
coatings. It can be seen that the composite coating has this
structure with relatively dense inner and loose outer. It also
explains that the PCL adsorption on the surface of Si-HA
particles hinder the electrophoretic deposition of Si—-HA.
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3.2 XRD and FTIR analyses

Figure 2 shows the XRD patterns of the Si—-HA coating and
Si-HA/PCL composite coatings prepared in the different
content of PCL in suspensions. For all samples, typical
PCL and HA peaks appear. There were no other peaks or
peak shifts in the composites, suggesting that no chemical
reactions occur.

The FTIR spectra of the powders removed from the
coatings are shown in Fig. 3. The adsorption peaks of
hydroxyl, PO,’>~ and CO;*~ groups can be obviously
observed in all the spectra (Fig. 3a—c). The hydroxyl

*
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Fig. 2 XRD patterns of the Si-HA coating (a) and Si-HA/PCL
composite coatings with different PCL content: (b) 6 g/1, (c) 12 g/l
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Fig. 3 FTIR spectra of Si—-HA coating (a) and Si-HA/PCL composite
coatings with different PCL content: (b) 6 g/1, (c) 12 g/l
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stretching and bending bands are observed at 3,571 and
631 cm™', respectively. The broad bands attributed to
absorbed water are also found at 3,430 and 1,640 cm ™.
The bands of carbonate were observed at 1,450 cm~! and
1,418 cm™!, this is due to the substitution of phosphate
groups (PO43_) by carbonate (C032_). The TEOS reactant
provides the CO5>" to the samples by hydrolysis [30]. The
adsorption bands at 1091, 1034, 572, 470 cm~ ! are ascri-
bed to PO,>~ groups. The band at 1,727 cm™" (Fig. 3b, ¢)
of Si-HA/PCL composite coatings can be attributed to
C=0 vibration modes of PCL. The hydroxyl stretching and
bending bands intensities decrease with PCL concentration
increasing from 6 g/l (Fig. 3b) to 12 g/l (Fig. 3c) in sus-
pension. As shown in the XRD patterns, no band shifts are
observed in the FTIR spectra, confirming that no chemical
reactions occurred between Si-HA and PCL.

3.3 TG/DTA analysis

Figure 4 compares the TG/DTA data for the Si—-HA coating
and the Si-HA/PCL composite coating electrophoretic
deposited in 6 g/l PCL suspension. The total weight loss
for the Si—-HA coating at 500°C is about 1.75 wt%, which
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Fig. 4 DTA/TG curves of the Si—-HA coating (a) and Si-HA/PCL
composite coating deposited in 6 g/l PCL suspension (b)
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can be attributed to the liberation of adsorbed water. The
gradual decrease in weight from 500 to 900°C is a result of
the slow elimination of the carbonate group linked to Si—
HA, the presence of which has been confirmed by the FTIR
analysis. A endothermic peak during 700-800°C in DTA
curve (Fig. 4a) may correspond to the elimination of the
carbonate group. The clear peaks that correspond to car-
bonate in the FTIR spectra of Si-HA powders disappear
after heat treated at 800°C [30]. For the composite coat-
ings, the TG curves show the total weight loss of 7.0 wt%
at 500°C, indicating an additional step in weight loss. The
additional weight loss for the composite coating compared

Shear strength /MPa

Si-HA Si-HA/PCL(6g/L) Si-HA/PCL(12g/L) Si-HA/PCL(16g/L)

Coatings

Fig. 5 The bonding strength of the Si—-HA coating and Si-HA/PCL
composite coatings

Fig. 6 SEM micrograph of Si—
HA/PCL composite coating
deposited in 12 g/l PCL
suspension (a, b) and PCL film
(¢) after immersion in SBF for
8 days

to the Si—-HA coating can be attributed to the burning out of
PCL. The results of the TG investigations indicate the co-
deposition of Si-HA and PCL. The PCL content in the
composite coatings prepared in the 6 g/l PCL suspensions
containing approximately 5.25 wt% PCL. The TG results
are consistent with the DTA data. The DTA data for the
composite coatings shows a broad endothermic peak during
the range of 50-500°C, related to the burning out of PCL.

3.4 Bonding strength of the coatings

The bonding strength of the coatings and substrates, as
measured by shear strength test, are shown in Fig. 5. If no
addition of PCL are added in suspension, adhesion between
the Si-HA coating and titanium substrate is poor. On
average, the shear strength between Si—-HA coating and
substrate is only 3.4 Mpa. The evidence of shear strength
improvement is by the addition of PCL in suspension. It is
found that the bonding strength of the Si-HA/PCL com-
posite coatings increase with increasing the concentration
of PCL in suspension on the range of 6—16 g/l, which may
be attributed to coarse and accidented surface of the Si—
HA/PCL composite coatings (Fig. 1b—d). Furthermore, the
ductile polymer is in favor of improving the cohesive force
among the Si—-HA particles.

3.5 Bioactivity of the composite coatings

After 8 days in vitro bioactive tests (immersion in SBF
solutions), the SEM image shows that a dense deposits
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Fig. 7 FTIR spectrum of the scraped deposits after the Si-HA/PCL
composite coating immersed in SBF for 8 days (the concentration of
PCL in suspension: 12 g/1)

cover the composite coatings (Fig. 6a), such deposits are
not observed prior to soaking in SBF (Fig. 1c). With high
magnification, we can see that many spherical particles are
accumulated on the surface of the coatings (Fig. 6b). The
morphology is very similar to that of the deposited apatite
on a substrate through biomimetic processing utilizing SBF
[32]. The FTIR spectrum of the scraped deposits is shown
in Fig. 7. The deposits show the absorption peak of PO,>~
group at 564 cm_l, 600 cm~' and 1,039 cm_l, CO32_
group at 864 cm_l, 1,410 cm~ ! and 1,465 cm~!. The
results indicate that the apatite formed on the composite
coating is carbonated apatite. As a control experiment, the
in vitro bioactive test of pure PCL film covered on the
titanium substrate is carried out. There are not any deposits
formed on the surface of PCL film (Fig. 6¢). The induction
required for the apatite nucleation is dependent on the
functional groups. PCL is a bioinert material, without the
functional groups required for inducing apatite formation.
Therefore, the formation of the bone-like apatite at the
surface of the composite coating is induced by the presence
of Si—-HA particles.

4 Conclusion

Si-HA/PCL composite coatings were obtained by electro-
phoretic deposition in n-butanol and chloroform mixture.
The PCL adsorption on the surface of Si—-HA particles
hinders the electrophoretic deposition of Si-HA. TG/DTA
results show that the PCL content in the composite coatings
prepared in the 6 g/l PCL suspensions contains approxi-
mately 5.25 wt% PCL. XRD and FTIR results show that
there were no chemical reactions occurred between Si—-HA
nanoparticles and PCL. The Si-HA/PCL composite
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coatings exhibit a better bonding strength than Si-HA
coating. In vitro bioactivity tests show that Si-HA/PCL
composite coatings have good bioactivity.
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