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Abstract. In this study, nucleation and growth of bone-like hydroxyapatite (HAp) mineral in modified simulated body fluids
(m-SBF) were induced on chitosan (CS) substrates, which were prepared by spin coating of chitosan on Ti substrate. The
m-SBF showed a two fold increase in the concentrations of calcium and phosphate ions compared to SBF, and the post-
NaOH treatment provided stabilization of the coatings. The calcium phosphate/chitosan composite prepared in m-SBF
showed homogeneous distribution of approximately 350 nm-sized spherical clusters composed of octacalcium phosphate
(OCP; CagH»(PO4)6'5H,0) crystalline structure. Chitosan provided a control over the size of calcium phosphate prepared
by immersion in m-SBF, and post-NaOH treatment supported the binding of calcium phosphate compound on the Ti surface.
Post-NaOH treatment increased hydrophilicity and crystallinity of carbonate apatite, which increased its potential for bio-
medical application.
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1. Introduction rials such as collagen, chitosan, gelatin, and hyaluron-
Extensive studies have been carried out for the de- ic acid are currently tested as coating materials of
velopment of a substance which is similar in com- implants for the regeneration of damaged and dis-
position and structure to minerals in the apatite group  eased tissues on the basis of their biocompatibility and
such as composite of calcium phosphate [1]. It pro- mechanical properties [4—7]. Collagen and gelatin
vides better biocompatibility and the carbonate-con-  from partial hydrolysis of collagen are biocompati-
taining hydroxyapatite (HAp) layer on its surface is  ble, non-cytotoxic, with an ability to support cellular
similar to the bone apatite. In spite of excellent bio-  growth, and can be processed into a variety of forms.
compatibility, its rheological strength is far less than ~ However, certain properties of collagen and gelatin
that required for bone tissue engineering [2, 3]. More-  have adversely influenced some of its usage: poor di-
over, HAp powder tends to migrate from implant sites  mensional stability due to swelling in vivo, poor in
and it possesses no antimicrobial activity. [t must be  vivo mechanical strength and low elasticity, the pos-
emphasized at this point that the successful design  sibility of an antigenic response, and the high-cost
of a bone substitute material requires an appreciation  of pure type I collagen [8]. CS is a linear polysaccha-
of the structure of bone. Thus, the use of a hybrid ride obtained by deacetylation of naturally abundant
composite that comprises natural biopolymer and cal-  chitin, a polysaccharide found in exoskeletons of crus-
cium phosphate most aptly resembles the morphol-  taceans such as crabs and shrimp and cell walls of
ogy and properties of natural bone. Natural biomate-  fungi [9]. CS is biocompatible, biodegradable, and
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antibacterial [10]. In view of these properties, it is
expected that a composite containing both CS and
HAp may have the properties of both materials,
namely, antimicrobial activity (from CS) and osteo-
conductive property (from HAp). The organic matrix
acts as a binder to keep HAp at the implant site and
a size controller of calcium phosphate prepared in
simulated body fluid (SBF), spontaneously forming
the bone-like apatite layer tightly bonded to the sub-
strates. In order to predict bioactivity and evaluate
biomineralization, a SBF has been used [11, 12]. The
biomimetic method using SBF can prepare an apatite
layer on a substrate without using special equipment
or extremely high processing temperatures. If a ma-
terial is bioactive, it has to form a biological hydrox-
yapatite layer on its surface when it is immersed in
a SBF during a certain time [13]. Tachaboonyakiat
et al. [14] used an alternate soaking method to form
hydroxyapatite on/in chitosan matrices with partial
enzymatic degradation treatment to yield a porous
hybrid material. Conventionally, most of the CS/HAp
composite microspheres have been prepared by mix-
ing the pre-obtained HAp particles with the chitosan
matrices under proper conditions. However, the in-
organic HAp particles cannot be uniformly distrib-
uted with the chitosan matrix due to the nanoparticle
agglomeration [15]. In this study, these limitations
could be overcome by CS spin coating on the titani-
um substrate and then immersing in SBF for mimick-
ing the extracellular matrix of the natural bone [16].
The advantage of spin coating is its ability to produce
very uniform films quickly and easily from a few
nanometers to a few microns in thickness. A calcium
phosphate (CaP) compound was formed in m-SBF
solution on a CS-coated titanium substrate. The com-
position and structure of the CaP/CS composite are
discussed in comparison with those of the apatite
formed after post-NaOH treatment.

2. Experimental

Commercially pure titanium (cp-Ti) of ASTM Grade
2 (Daito Steel Co. Ltd., Japan) was used as a sub-
strate in this study. It was cut to a 10 mm diameter
disk with a thickness of 1 mm. The disc was de-
greased with acetone and water, polished with up to
#2000 SiC paper and ultrasonically cleaned in ethanol
and distilled water. CS flake with a molecular weight
of about 520000 g-mol~!' was obtained from Sehwa
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Co. (Yeosu, Korea). The degree of deacetylation was
85%. CS solution was prepared by dissolving CS
(1 g) in 1% acetic acid (100 mL) with stirring for 5 h
to obtain a perfectly transparent solution. All the
chemicals were purchased from Aldrich Chemical
Corporation and used without further purification.
Ultrathin films of CS with a thickness of about
20 nm were obtained by spin coating the solution of
CS dissolved in 1% acetic acid onto the cp-Ti sub-
strate at a spin speed of 5000 rpm for 20 s. The films
were dried at 40 °C for 20 min in dry oven and the
process was repeated 2 times. Finally, the chitosan
films were stored at 25 °C in a vacuum oven.
Modified SBFs, which had a higher concentration of
inorganic ions compared with that of Kokubo’s SBF
solution, were used to fabricate a precipitated CaP
coating. The m-SBF used in this study was prepared
according to the literature [17]. In brief, the SBF so-
lution contained the following reagents in distilled
water: 141 mM NaCl, 4.0 mM KCI, 0.5 mM
MgSOy, 1.0 mM MgCl,, 4.2 mM NaHCOs, 2.5 mM
CaCl,-2H,0, 3.94 g/LL of Tris-HCI and 1.0 mM
KH,PO,4. The m-SBF solution was prepared by in-
creasing the concentrations of CaCl, and KH;POy4
two times to those of SBF solution. The m-SBF solu-
tion was kept in an electric furnace at 37 °C for 3 days,
and pH of the solution was adjusted to pH 7.4.
Then the samples underwent alkali treatments to in-
crease hydrophilicity and crystallinity, which was
performed by immersing specimens in 100 mL of
1.0 mol-L~! NaOH aqueous solutions at 80°C for 2 h
[18]. Finally, the specimens were washed with dis-
tilled water and dried in air.

Morphology of the samples was studied using field
emission electron microscopy (FE-SEM, Hitachi-
S4700, Japan). The chemical composition and phase
purity of the coatings were characterized by energy-
dispersive X-ray spectroscopy (EDX, RMAX energy
EX-200, Horiba, Japan) and X-ray diffractometer
(XRD; PANalytical, X'Pert PRO, Netherlands) with
Cu Ka radiation (30 mA, 40 kV). The morphology
and structure of the nano-crystallites formed in m-
SBF solution were examined by selected area elec-
tron diffraction (SAED) pattern and high resolution
transmission electron microscopy (HRTEM; Tech-
nai-F20, Philips, Netherlands) operated at 200 kV.
The TEM sample was prepared by dispersing pow-
ders in water and drying on a carbon-coated Cu grid.
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The presence of functional groups was confirmed by
using Fourier transform infrared spectroscopy (Spec-
trum 400, PerkinElmer, UK) with an attenuated total
reflectance (ATR) accessory. The Laser-Raman spec-
tra of the calcium phosphate/chitosan samples were
recorded in the spectral range of 100-4000 cm™!
using a Laser-Raman spectrometer (Jasco, NRS-
5100, USA), which employs a Ar-ion laser source
with an excitation wavelength 532 nm and resolution
of 1 cm™' at 5.6 mW laser power.

3. Results and discussion

Figure 1a shows a photograph of CS coated Ti sub-
strate. Figure 1b shows typical features of precipita-
tion of CaP after immersion in m-SBF for 3 days.
Precipitation started at individual granules on the
CS-coated titanium substrate and the granules grad-
ually grew together to form a dense layer on the spec-
imen surface. It has been hypothesized that soaking
in m-SBF solution provides a supersaturation of Ca>*
ions around the CS-coated substrate through ionic
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Figure 1. SEM image of spin coated Ti substrate (a), SEM images and EDX analysis of CaP/CS formed by immersion in m-
SBF solution for 3 days (b and d) and after post-NaOH treatment at 80 °C for 2 h (¢ and e). Insets show the mag-

nified portion of CaP/CS samples.
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interactions between calcium ions and the negatively
charged OH groups available on the polysaccha-
rides. Then, the incorporated phosphate ions bind to
calcium ions to form the initial nuclei. Once the CaP
nuclei are formed, they grow by uptake of calcium
and phosphate ions from the surrounding SBF [19].
High-magnification SEM images further revealed
that each CaP/CS granule consisted of a large num-
ber of spheres of 350 nm with 10 nm-sized nanopar-
ticles (Figure 1b). The spin coated-CS acts as a binder
to keep the CaP compound at the implant site and
contributes as a size controller of CaP formed in m-
SBF. After I M NaOH post-treatment of the CaP/CS
composite, samples showed a significant change in
the surface morphology, showing ellipsoidal clusters
of self-generated crystallites (grains) measuring
~10 nm in size (Figure 1¢). The EDX spectrum of the
coating formed in the m-SBF solution showed high
calcium, phosphate and titanium peaks, and low mag-
nesium peak (Figure 1d). The Ca/P ratio was only
1.32, which is similar to that of the stoichiometric
OCP. The EDS spectrum of the coating after post-
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NaOH treatment showed similar calcium and titani-
um substrate peaks, but lower phosphate peaks,
which suggests partial dissolution of the phosphate
ions from the CaP/CS coating. SEM-EDX analysis
showed that the ellipsoidal apatite crystallites (in Fig-
ure le) were composed mainly of hydroxyapatite, and
exhibited a Ca/P molar ratio of 1.82. Such a high
Ca/P ratio was ascribed to the presence of carbon-
ate-apatite, in which the CO%’ had replaced PO?( and
OH". The combined effects of calcium and magne-
sium are expected to accelerate the deposition of cal-
cium phosphate for bone mineralization [20].

The XRD patterns of the CaP/CS after soaking in m-
SBF and after post-NaOH treatment are shown in
Figure 2a. The XRD pattern of the coatings (Fig-
ure 2a(1)) exhibits three wide bands at approximate-
ly 26 =16.2, 26.0 and 32.1°. The broadening of the
diffraction peaks arose from poor crystallinity of the
CaP/CS coating, as also observed by SEM (Fig-
ure 1b). The position and intensities of these diffrac-
tion lines indicated an OCP structure. On the con-
trary, only two sharp peaks at 260 = ~26 and ~32°

\
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Figure 2. (a) Thin film X-ray diffraction patterns of CaP/CS formed by immersion in m-SBF solution for 3 days (1) and
after post-NaOH treatment at 80 °C for 2 h (2). (b and c¢) TEM bright-field image and corresponding single dif-
fraction pattern of CaP/CS formed by immersion in m-SBF solution for 3 days.
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were seen in the pattern presented in Figure 2a(2),
and the peaks at 20 = 16.5, 21.5,29.1, 32.3 and 32.9°
corresponded to the overlapping of (011), (020),
(210), (112), and (300) diffraction peaks of HAp.
Moreover, the peak at 26 = 25.7°, corresponding to
the HAp (002) diffraction plane, indicated that CaP/
CS composites consisted of HAp and OCP crystals.
This result implies that the post-NaOH treatment
plays a role as an accelerator of HAp crystallites
after the growth of CaP crystallites in m-SBF [21].
Crystals of the CaP from m-SBF was further as-
sessed by TEM observation. Figure 2b and 2¢ show
the typical TEM images and selected area electron dif-
fraction (SAED) pattern of OCP crystals extracted
from the CaP/CS surfaces after immersion in m-SBF
for 3 days. Also, OCP was identified from the SAED
pattern in TEM with B (beam direction) = [110] (Fig-
ure 2c¢).

Figure 3a displays the FT-IR spectra of the CaP/CS
coating formed in m-SBF and then post-NaOH treat-
ed. In Figure 3a(1), the bands attributable to stretch-
ing and deformation of the O—H group of water were
observed at 3250 and 1604 cm™!, respectively. And,
the peaks at 559 and 1030 cm™" were attributed to the
HPO, band that originated from the OCP structure.
The P-OH band, characteristic of the HPO?{ group,
was observed at 877 cm™!, confirming the presence
of the OCP structure. Figure 3a(2) shows the FT-IR
spectrum of the CaP/CS coating on cp-Ti after post-
NaOH treatment. Absence of the band associated to
the stretching mode of the O—H group of water is
worth noting. The band at 1410 cm™! related to the
CO%’ group, characterizing a carbonated hydroxya-
patite, was also observed. The band at 1033 cm™'1
was attributed to P-O stretching, whereas the bands
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at 566 and 605 cm™! were associated with deforma-
tion vibration of the P-O in the PO4 group.

As shown in Figure 3b(1), in Raman spectrum after
m-SBF immersion, the vl vibration was resolved
into a doublet with bands at 967 and 956 cm™!, which
is characteristic of OCP. Bands in the OCP spectra
attributable to HPO, included that at 1074 cm™! and
weak bands at 962, 588 and 436 cm™'. The Raman
spectrum of OCP contained bands similar to those
observed in the HAp spectra. In addition, for OCP,
some changes in the PO4 (v4) band at 588 cm™! rel-
ative to 593 cm™! of HAp and a small shoulder at
436 cm™! of the v2 phosphate band have been as-
signed to HPOy4 vibrational modes [22]. The Raman
spectra of CaP/CS coating in the post-NaOH treated
specimen (Figure 3b(2)) were dominated by a strong
band at around 960 cm™' that is derived from the sym-
metric stretching mode (v1) of the phosphate group.
In the spectrum, the bands at 420 and 593 cm™ cor-
responded to the v2 bending vibration and v4 modes
of the PO?{ group were displayed, respectively. A
strong carbonate band was observed at 1072 cm™.
The v1 of carbonate apatite overlapped one band of
the v2 of PO due to bonded chain between CS and
CaP.

4. Conclusions

Biomimetic bone-like apatite including magnesium
ion was successfully synthesized by incubating the
CS-coated Ti in m-SBF and following post-NaOH
treatment. The CS acts as a binder to keep the CaP
compound at the implant site and contributes as a
size controller of CaP formed in m-SBF. Sponta-
neously formed HAp was tightly bonded to the sub-
strates after post-NaOH treatment. One of the im-
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Figure 3. FT-IR spectra (a) and Raman spectra (b) of the CaP/CS film formed by immersion in m-SBF solution for 3 days (1)

and by post-NaOH treatment at 80 °C for 2 h (2)
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portant findings in this study is that OCP was formed
on the CaP/CS composite by immersion in m-SBF
within a very short time. In the FT-IR, XRD and
SEM studies, the formation of carbonate apatite after
post-NaOH treatment was confirmed. The obtained
coatings are expected to provide corrosion protection
of Ti and can be utilized for the fabrication of ad-
vanced biomedical implants.
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