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Abstract. The aim of this investigation was obtaining of biocompatible coatings for medical implants based on
biopolymer chitosan and hydroxyapatite, which is the main mineral component of bone tissue. Coatings were ob-
tained by thermal substrate method, because it allows low temperature deposition and provides possibility to incorpo-
rate into coating structure biomolecules, unstable at high temperatures. As a way of chitosan incorporation into coat-
ing composition co-precipitation method was proposed. It allows obtaining uniform coatings with required composi-
tion and morphology. The obtained coatings were investigated by using of XRD, SEM with EDS, adhesion was test-
ed by test-tape method. It was assigned that chitosan addition decreased hydroxyapatite crystallinity, so the range of
concentrations from 0.01 to 0.1 g/L was chosen at pH = 6.5. It was determined that variation of chitosan concentra-
tions in the initial solution influenced on morphology and structure of hydroxyapatite coatings as well as on the anti-
bacterial properties and the use in orthopedics and dentistry. The best characteristics were obtained for hydroxyap-
atite-chitosan coatings deposited from solution with chitosan concentration 0.025 g/L.
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1 Introduction

Metal ion release of medical implants lead to inflam-
matory effects in the physiological environment. That’s
why the application of bioactive coatings for implant
materials is a very promising way to solve this problem.
Chitosan (CS) and hydroxyapatite (HA) are among the
best bioactive biomaterials in bone tissue engineering due
to their excellent biocompatibility in the physiological
environment [1]. Hydroxyapatite, Ca;o(PO,)s(OH),, is
widely used in dentistry and orthopedics. It is one of the
most thermodynamically stable forms of calcium phos-
phate which occurs in the bone as a major component
(from 60 to 65 %) [2]. Chitosan is an alternative polymer
for use in orthopedic applications due to its good bio-
compatibility, biodegradability, porous structure, suitabil-
ity for cell growth, osteoconduction and intrinsic antibac-
terial nature [3—5]. Chitosan is an N-deacetylation prod-
uct of chitin. It is a copolymer consisting of B-(1—4)-2-
acetamido-d-glucose and p-(1—4)-2-amino-D-glucose

unit linkages [6—7]. It has good solubility in various or-
ganic acid solutions and sufficient resistance in alkali
environments. In addition, chitosan is flexible and has a
high resistance upon heating due to the intermolecular
hydrogen bonds formed between hydroxyl and amino
groups [8—10]. When chitosan is dissolved in a diluted
organic acid solution, its free amino groups are protonat-
ed, although it is insoluble in an aqueous solution at pH >
7[11].

Several methods are available for the application of
HA coatings onto metal substrates [12]. But only few of
them are acceptable for obtaining CS-HA coatings, be-
cause of high temperatures of processes and possibility of
chitosan degradation. Among methods for HA-CS coat-
ing deposition are simple mixing and heating method
[13], biomimetic method [14-16], low temperature wet
chemical method [17], electrochemical deposition [18],
electrochemistry assisted deposition [19, 20], electropho-
retic deposition [21, 22]. In our work we proposed ther-
mal substrate method [23, 24] (TSM) for deposition of
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HA-CS coatings onto TigAl,V substrates from aqueous
solutions. The main advantage of this method is a thermal
activation near substrate surface which immersed in
aqueous solutions containing Ca** and PO,> for hydrox-
yapatite synthesis with promoted crystallization and for-
mation of film-like deposits [24]. Several factors influ-
ence the HA nucleation and crystallization: chitosan con-
centration in the initial solution, pH value of the solution,
Ca® and PO,” ion concentrations, the heating time and
temperature, substrate surface modification, etc.

At the present work an attempt has been made for the
first time HA-CS coatings deposition onto Ti6Al4V sub-
strates by TSM. The aim of our study was to compare
various concentrations of chitosan inserted into hydroxy-
apatite coatings. The main characteristics of obtained
coatings were investigated and compared. The influence
of chitosan onto calcium-phosphate formation during
deposition was also studied.

2 Experimental

2.1 Materials

TigAl,V specimens, 36x1.9x0.36 mm in size, were
used as substrates for HA-CS coatings deposition. They
were polished with sandpaper, washed in acetone
(15 min), 96 % ethanol (15 min) and three times rinsed
with distilled water under ultrasound.

Biomedical grade chitosan (200 kDa molecular
weight) was supplied by the Haidebei Marine Bio Ltd.
(Jinan, China) with 91 % degree of the deacetylation.
Solutions with various chitosan concentrations were pre-
pared by dissolving the 1 g of chitosan fibers in 1 liter of
1 % CH;COOH solution with vigorous stirring. Chitosan
solution with concentration 1 g/l was diluted to required
CS concentrations: 0.01, 0.025, 0.05, and 0.1 g/l by mix-
ing with the initial solution for HA synthesis which con-
tains CaCl, (10 mmol/dm’) and NaH,PO, (6 mmol/dm”).

2.2 Obtaining of HA-CS coating by thermal
substrate method

Chitosan was inserted into hydroxyapatite coatings by
co-deposition of hydroxyapatite and chitosan. The initial
solution for coating deposition was prepared by mixing
solution which contains CaCl, (10 mmol/dm®) and
NaH,PO, (6 mmol/dm®) with chitosan solution (1 g/l) in
various proportions (Table 1).

The thermal substrate method for obtaining of HA
coatings based on the main principle that the solubility of
HA in aqueous solutions decreases with increasing sub-
strate temperature [2, 24]. Alternating current passed
through the system to heat the substrate. By this method
hydroxyapatite directly coated the substrate without pre-
cipitation in the initial solution. The experimental ar-
rangement for coating deposition is described in the work
[24].

Co-deposition of hydroxyapatite coatings was carried
by TSM method under following conditions: substrate
temperature 100-105 °C, pH of the initial solution 6.5—
6.85, time of deposition — 180 min.

Table 1 — The composition of the initial solution for co-
deposition of HA-CS coatings, ml

Without
chitosan

Chitosan concentration (g/1)
0.001 | 0.025 | 0.05 | 0.1

Volume of

reagents

Chitosan solu-
tionin 1 %
CH;COOH

(1 g

2 5 10 20 -

CaCl,
(10 mmol/dm®)/
NaH,PO,
(6 mmol/dm®)

198 195 190 | 180 200

2.3 Analysis techniques

The crystallinity and structure of the coatings were ex-
amined using an X-ray diffractometer DRON 4-07
(“Burevestnik”, Russia) connected to a computer-aided
system for the experiment control and data processing.
The Ni-filtered CuK, radiation (wavelength 0.154 nm)
with a conventional Bragg—Brentano 9 -29 geometry was
used. The current and the voltage of the X-ray tube were
20 mA and 40 kV, respectively. The samples were meas-
ured in the continuous mode at a rate of 1.0 deg/min, with
20-angles ranging from 15° to 55°. All experimental data
were processed by means of the program package
DIFWIN-1 (“Etalon PTC” Ltd, Russia). Identification of
crystal phases was done using a JCPDS card catalog
(Joint Committee on Powder Diffraction Standards.

The surface morphology of HA-CS coatings was ex-
amined by Scanning electron microscopy (SEM). These
investigations were performed in combination with X-ray
emission spectroscopy using the REMMA-102 device
(SELMI, Sumy, Ukraine). The surface chemical composi-
tion was determined with an energy dispersive X-ray
(EDX) detector. The analytical signal of the characteristic
X-ray emission was integrated by scanning the
50x50 pum? area of the sample surface.

Adhesion of obtained coatings was measured by tape-
test method as described elsewhere [25].

3 Results and discussion

Chitosan dissolution in acetic acid described as fol-
lows:

CS-NH, + HOOC—CH; — CS—-NH;" + CH,COO™ (1)

Viala et al. (26) established that the presence of calci-
um and phosphate ions in the solution allows the soluble
form of CS to exist when below pH 6.7. At pH 6.65-7.0
calcium and phosphate ions existed in the initial solution
and deposited on the substrate. Simultaneously, the fol-
lowing reaction of hydroxyapatite formation takes place
on the substrate surface:

10Ca**+ H,PO, +140H —Ca,((PO,)s(OH),+12H,0(2)

Morphology of the CS-HA coatings obtained by TSM
method from solutions with chitosan concentrations
0.001-0.1 g/1is shown in Fig. 1.
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Figure 1 — Morphology of the HA-CS coatings co-deposited by
TSM method from aqueous solutions with chitosan concentra-
tions 0.1 g/l (A), 0.05 g/l (B), 0.025 g/1 (C), 0.001 g/1 (D)

As can be seen in Fig.1 the most uniform coatings with
rough surface were obtained from solutions with chitosan
concentrations 0.001-0.025 g/I. It could be due to the
possible interaction of chitosan macromolecules with
components of initial solution. From the XRD-spectra
(Fig. 2) it could be seen that with increasing of chitosan
concentration in the initial solution for HA synthesis the
relation of intensities of the main HA peak (26 = 31,65°)
to diffusive peak of chitosan (26 = 20°) are decreased.
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Figure 2 — X-ray diffraction patterns of HA-CS coatings ob-
tained by TSM from aqueous solutions with chitosan concentra-
tions 0.1 g/1 (A), 0.05 g/1 (B), 0.025 g/1 (C), 0.001 g/1 (D)

When chitosan is dissolved in acetic acid its amino
groups are protonated (CS—NH;") and bonds with car-
boxyl groups (CH3COO ) presented in solution. If other
ions Ca2+, HPO, are also presented in the initial solution
some positively charged complexes for example
CH;COO —Ca** and HPO, —Ca** can be formed in the
solution. Such complexes adsorbed negatively charged
PO,” with following crystal growth of HA. The presence
of Ca®* ions in the initial solution leads to chemical inter-
action between the calcium ions on HA surface and the
amino groups in a chitosan molecule. In general, chitosan
forms a chitosan—metal complex in which the metal ion
coordinates the amino group in chitosan molecules [26].
Activity of the Ca®* ions is somewhat weaker than that of
the transition metal ions [11]. We suggest that small HA
crystallites are able to align along the chitosan molecule
upon aggregation through the interaction between the
Ca®* ions on the HA surface and the amino groups of the
chitosan molecule. In other words, the c-axes of HA
nano-crystals are parallel to the chitosan molecules due to
formation of complexes of Ca** and amino groups of
chitosan, which are the nucleation centers for HA crystals
[11]. Measured adhesion strength of obtained HA-CS
coatings is presented in the Table 2

Table 2 — Adhesion strength of HA-CS coatings obtained from
solutions with various CS concentrations

Adhesion HA/CS coatings obtained from solu-
strength/ tions with CS concentration (g/L) HA
composition 0.025 0.05 0.1
N/m* 2-10° 66670 54540 | 8-10°
MPa 0.2 0.07 0.05 0.08

So the most adhesive strength was observed for HA-
CS coatings with CS concentration 0.025 g/L. The ob-
tained coatings due to the existence of CS could reveal
antibacterial properties and find its application in dentis-
try or orthopedics.

4 Conclusions

Novel HA-CS composite coatings were obtained by
co-deposition from aqueous solutions having chitosan
concentrations (0.001-0.1 g/l) using thermal substrate
method. This method is very perspective in comparison
with other methods of coatings deposition, because it
gives possibility to obtain coatings under temperatures
from 40 to 120°C. Due to the low temperatures of deposi-
tion polymer addition and composite coating formation is
possible. The obtained HA-CS coatings have developed
surface that could improve osteointegration. Concentra-
tion of CS 0.025 g/L allows obtaining HA-CS coating
with adhesion strength 0.2 MPa.
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