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Formation and in vitro induction ability of apatite nanobelt coating on silicon
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Abstract: Apatite coating with nanobelt structure was fabricated on single crystal silicon by a two-step method of electrodeposition
at 1.0-2.0 mA/cm? with DC power and vapor-thermal treatment (VTT) at 150—180 °C for 6 h over alkali medium. Scanning electron
microscopy (SEM), X-ray diffractometry (XRD), and electron diffraction spectrometry (EDS) were employed to investigate the
compositions and morphologies of specimens before or after vapor-thermal treatment. The results demonstrate that nanobelt crystals
of coating, 0.5—2 pm in width, 100 nm in thickness, and 6—10 pm in length, are Ca-deficient apatite (CDA) with a mole ratio of Ca to
P approximately of 1.60, which shows similarity of the nanobelt coating to inorganic phase in composition and to collagen in
dimension appearing in human hard tissue. Induced nucleation and growth of bone-like apatite were observed on the nanobelt after
soaking in a simulated body fluid (SBF) for 6 h and for 3 d, respectively, identifying that nanobelt has good ability for induction of

bone-like apatite in SBF.
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1 Introduction

As the main inorganic component of human bone
and tooth, apatite (especially hydroxyl-apatite, HA) has
served as the most important bio-medical material due to
its excellent biocompatibility[1-5]. Nano- and
micro-metric apatites cover many fields including hard
implants, wearable biocoating, controllable
drug-release carrier, water and air purificant and so on.
Also, HA coating has attracted much interest for
biodevices based on silicon technologies, such as
biochips, biosensors, and micro-electro-mechanical
systems (BIOMEMS) applied to medical diagnosis and
treatments since biocompatible HA can facilitate their in
vivo fixation and protect them from the erosion caused
by body fluid[6—8].

So far, synthetic apatite shows various
morphologies such as nano-rods, nano-strings,
nano-plates, and nano-spheres. And now, it is highly
interesting that biomimic apatite can be synthesized
holding composition close to natural bone apatite and
morphology matching with collagen, respectively[9—13].
Since 1991, electrocrystallization (electrodeposition) has

tissue

been developed to fabricate biocompatible coatings on
bio-medical metals by carrying out cathodic-electrolysis
using a mode of constant current or constant potential in
electrolyte containing calcium and phosphorus salts[14].
Generally, plate-like CaHPO4,2H,O (DCPD) micro-
crystals form at high potential or current density in
electrolyte of calcium and phosphorus salts with high
concentrations[15]. However, DCPD has poor chemical
stabilization and biocompatibility because it is highly
soluble in body fluid, so a transformation of DCPD to
biocompatible TCP or HA is necessary by subsequent
calcination, hot-alkali immersing, or hydrothermal
treatment[ 16—20]. And simultaneously, micro plates are
converted into nanorods or nanostrings. It is also
reported that pure nano-HA can be fabricated on
bio-medical metals by a hybrid method of
electrodeposition and hydrothermal treatment at high
temperature and pressure in an autoclave, and improved
adhesion strength between coating and substrate is
obtained in case that ultra-fine TiO, powder is
co-deposited with HA[21]. In addition, direct formation
of flower-like and inter-connecting porous nanometric
HA biocoating is realized at 85—100 °C and pH of 5-7 in
electrolyte with very low concentration[22].
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In this work, apatite coating with nanobelt structure
is successfully fabricated on single crystal silicon by a
two-step method including electrodeposition in
electrolyte dissolved with millimole calcium and
phosphorus salts and vapor-thermal treatment (here called
vapor-thermal treatment, VTT) over alkali medium in an
autoclave. Morphologies and compositions of nanobelt
apatite coating were characterized by scanning electron
microscopy (SEM), X-ray diffractometry (XRD), and
electron diffraction spectrometry (EDS). In vitro
induction of bone-like apatite on as-obtained nanobelt
apatite coating was tested for soaking specimens in a
simulated body fluid (SBF).

2 Experimental

2.1 Fabrication and SBF-soaking of specimens

The procedure for fabricating specimens included
electrodeposition, vapor-thermal treatment and drying.
All chemicals used are of analytical grade.

1) Electrodeposition

The electrolyte for electrodeposition was an
aqueous solution containing 7.5x107° mol/L Ca(NO;),
and 3.8x10° mol/L NaH,PO,. Its pH value was adjusted
to 5.1 by 0.1 mol/L NaOH solution. Electrodeposition
was performed at constant current densities ranging from
1.0 to 2.0 mA/ecm’ and 50 °C for 30 min with mild
magnetic stirring. The cathode (working electrode) was
silicon (111) and the anode (counter electrode) was a
graphite rod. The electrodeposition DC power was a
electrophoresis apparatus (DYY-6B, Beijing) .

2) Vapor-thermal treatment and drying

After electrodeposition, specimens were rinsed by
deionized water and then subjected to hot vapor over a
5% NaOH solution vertically at 150—180 °C for 6 h in an
autoclave. VTT specimens were rinsed by deionized
water again and dried at 100 °C for 3 h.

All obtained specimens were finally soaked in a
simulated body fluid for different time to investigate
their in vitro inductive ability of bone-like apatite.
Compositions and preparation of SBF were seen in
Refs.[23-24].

2.2 Characterization and analysis

The morphologies of specimens were characterized
by filed-emission scanning electron microscopy (FESEM,
JEOL/JSM—6700, Japan) at an acceleration voltage of
5 kV. X-ray diffractometry (XRD, Siemens DS5000,
Germany) was conducted to analyze phases of the
obtained coatings on silicon using Cu K, radiation at a
voltage of 35 kV with a current of 30 mA and a scanning
rate of 0.02 (°)/s. The elements and their mole fractions
of the pre- and post-soaking specimens in SBF were

determined by electron diffraction spectrometry (EDS,
OXFORD INCA, British) attached to SEM.

3 Results and discussion

Fig.1 shows the morphologies of electrodeposits on
silicon formed at different current densities. The 1.0
mA/cm” deposited coating on silicon consists of rods and
pieces as shown in Fig.1(a). Herein the rods are 1-3 pm
in length and 20—50 nm in diameter and the pieces are
0.8—1.5 um in length and 200 nm in thickness. During
cathode electrodeposition at low current density in very
diluted electrolyte, c-axis of calcium phosphates such as
DCPD and Ca-deficient apatite is the favorable growth
direction, which results in needle-like electrodeposits
[21-22]. While subjected to high current densities and
high electrolyte concentrations, both of c-axis and b-axis
become the preferential directions of oriented growth of
electrodeposits, especially plate-like electrodeposits can
form with growth along ag-axis when both of current
density and electrolyte concentration are high enough
[12]. In the present work, it is shown in Fig.1(b) that,
after electrodeposition at 2.0 mA/cm® in diluted
electrolyte, the coating is mostly composed by
interconnecting lamellar-like crystals with thickness of
50nm and width of 2 um except for a few of nanostrings.

Fig.1 Morphologies of electrodeposits on silicon formed at 1.0
mA/cm? (a) and 2.0 mA/cm? (b)
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Fig.2 shows the morphologies of the coating
electrodeposited at 1.0 mA/cm? after being subjected to
hot vapor over alkali medium at 150 °C and 180 °C for 6
h in an autoclave. It can be seen from Fig.2(a) that rods
and pieces become cingulum-like structure with 150 °C
vapor-thermal treatment, and from Fig.2(b) nanobelts can
be obviously observed on silicon after treatment at 180
°C. These nanobelts are inter-textured and possess width
of 0.5-2 pm and length of 6—10 um, and their thickness
is approximately 100 nm according to the inset in
Fig.2(b). Compared with micrometric block DCPD and
nanometric needle-like HA deposited from electrolytes
with high concentration and low concentration,
respectively, the nanobelt crystals presented in this work
are closer to collagen in hard tissues in dimension[1, 25],
and it is also expected that naturally textured nanobelt
crystals can match with hard tissue in mechanical
performances.

Fig.2 Morphologies of vapor-thermally treated electrodeposits
at 1.0 mA/cm? on silicon at 150 °C (a) and 180 °C (b)

Fig.3 shows the morphologies of the specimens
electrodeposited at 1.0 mA/cm’ and vapor-thermally
treated at 180 °C, after soaking in SBF for 6 h and 72 h
(3 d). With a duration of 6 h in SBF, nanospheres, 10—-20
nm in diameter, have almost covered the surface of
nanobelts, as shown in Fig.3(a). These nanospheres seem

to be nuclei of apatite derived from the enrichment and
mineralization of calcium and phosphorus in SBF. After
soaking for 3 d, irregular porous ball-like structure with
diameter of 1-2 pm has fully coated the specimen, as
seen from Fig.3(b). And a magnified image, the inset in
Fig.3(b), demonstrates that these irregular balls form by
20 nm strings, which are linked to network and similar to
that of bone apatite. The nanobelt crystals on silicon
show good inductive ability in SBF according to the
quick nucleation and growth of bone-like apatite
observed from Fig.3.

Fig.3 Morphologies of SBF-soaking specimens for 6 h (a) and
3 d (b) (Specimens formed by electrodeposition at 1.0 mA/cm?
and subsequent vapor-thermal treatment at 180 °C)

Fig.4 and Fig.5 show the XRD and EDS results of
the specimens electrodeposited at 1.0 mA/cm’ and
vapor-thermally treated at 180 °C, after soaking in SBF
for 3 d, respectively. It is found that DCPD is formed
after electrodeposition on the basis of diffraction peaks at
13.8°, 26.4°, 53.5°, and 57.4° in Fig.4, especially the
diffraction peak at 26.4° is a typical peak corresponding
to DCPD as described by Refs.[14, 17]. In addition,
weak diffraction peaks between 30.5° and 33.5° are also
observed from Fig.4, suggesting that apatite is contained
in electrodeposits, and widened diffraction peaks may be
due to low crystallinity of coating or nano-structure as
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Fig.4 XRD spectra of standard HA and specimens after

electrodeposition at 1.0 mA/cm?, vapor-thermal treatment at
180 °C, and SBF soaking for 3 d, respectively

shown in Fig.1(a). After vapor-thermal treatment,
obvious and intensified diffraction peaks of apatite at
30.8°, 32.3°, 33.1° can be seen from Fig.4, which
identifies that nanobelt coating in Fig.2(b) is composed
of apatite and the crystallinity of coating is improved.
It is suggested that octacalcium phosphate (CagH,(PO,)¢:
5H,0, OCP) formed according to some weak diffraction
peaks ranging from 15° to 28° given by the XRD
spectrum of the specimen obtained after VTT. In alkaline
vapor medium, DCPD may react with OH™ and H,O and
then form OCP and HA as

8CaHPO42H,0+60H =
CagH,(PO,)¢5SH,0+2P0,* +17H,0 (1)
10CaHPO,42H,0+120H =
CayoPO,)s(OH),+4PO,* +30H,0 2)
Obviously, Eq.(1) and Eq.(2) are rivals in

consumption of OH . However, HA, the product of
Eq.(2), is more thermodynamically stable than OCP
produced by Eq.(1)[4]. Furthermore, HA crystals
contained in the electrodeposits can serve as the seeds for
HA nucleation and growth from Eq.(2). The formation of
lengthwise HA nanobelts may be contributed by the
simultaneous growth of crystals along c-axis and b-axis,
especially the c-axis is the most preferential growth
direction.

According to the spectra in Fig.4, the SBF-soaking
inductive layer on nanobelt coating has widened
diffraction peaks of apatite compared with those of
standard HA, which may be caused by the low
crystallinity and nanophase of newly formed layer, but it
is further confirmed that the obtained nanobelt apatite
coating on silicon has excellent inductive ability for the
formation of bone-like apatite in vitro. In Fig.4, OCP
diffraction peaks can also be observed after SBF soaking
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Fig.5 EDS results of specimens after electrodeposition at 1.0
mA/cm? (a), vapor-thermal treatment at 180 °C (b), and SBF
soaking for 3 d (c), respectively

for 3 d. IIJIMA et al[26—27] elucidated that lamellar
OCP forms at the initial inductive stage and subsequently
acts as a template for the nucleation and growth of
bone-like apatite.

Fig.5(a) shows a mole ratio of Ca to P of 1.19 of
electrodeposits, which is lower than 1.67, the
stoichiometric mole ratio of Ca to P in hydroxyl-apatite.
This should be due to DCPD, holding a mole ratio of Ca
to P of 1, and apatite coexisting in electrodeposits.
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Ca-deficient apatite (CDA) with a mole ratio of Ca to P
of 1.60 forms from electrodeposits after vapor-thermal
treatment. And 3 d SBF soaking resultant precipitates are
also CDA with a mole ratio of Ca to P of 1.62 derived
from the higher mole ratios of Ca to P of OCP and HA
and are similar to inorganic phase in human hard tissue
[3—4, 6-9].

4 Conclusions

1) The direct preparation of nanobelt apatite coating
on single crystal silicon is accomplished by combining
electrodeposition and subsequent vapor-hydrothermal
treatment over diluted alkaline solution. During VTT,
HA nanobelts form due to the crystal growth along
lengthwise c-axis and b-axis prior to OCP with lower
thermodynamic stability. OCP is the initially formed
phase and can serve as a template for the nucleation and
growth of HA by soaking VTT-resulted HA nanobelt
coating in SBF.

2) As-obtained VTT coating is composed of
Ca-deficient apatite (CDA) crystals with a mole ratio of
Ca to P of approximately 1.60 and irregular texture-like
nanobelt structure. It is expected that this nanobelt
intertexture can find its application in developing new
type of biomimic composites with bio-organic matter
such as collagen fibers based on their similarity in
dimension.
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