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ABSTRACT 
Chitosan-based coatings were deposited on medical titanium-zirconium alloys with PEO-treated 

surface in different ways (dip-coating, spin-coating, electrodeposition) in order to increase both 
biocompatibility and corrosion resistance of the material surface. The method of electrodeposition was 
determined as the most optimal method for applying chitosan coatings, since in the model corrosion 
experiments the coating is stable, no cracks form on the PEO-treated surface, while the structure of the 
coating itself is preserved. The dip-coating method can be used to form asymmetric chitosan membranes 
with a structured lower surface and a smooth upper for use in dentistry, orthopedics.  
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INTRODUCTION 
Currently, the TiZr alloys are used to create dental and bone implants [1]. Such alloys are 

distinguished by mechanical strength and bioinertness, high corrosion resistance. At the same time, 
some studies indicate an adverse effect of chlorine ions on Zr, while titanium corrodes in the sodium 
chloride/lactic acid medium [2]. 

Chemical stability can be enhanced by PEO (plasma electrolytic oxidation) process. The 
complex nature of the process where plasma microdischarges take place results in complex and 
mutually dependant chemical and physical processes on the surface [3]. Depending on the PEO 
conditions, the properties of the oxide layer can be changed both in composition and in the three-
dimensional surface structure. The presence of characteristic porous surfaces improves the 
osteointegration potential of implants, but at the same time it can contribute to degradation and 
corrosion in the biological environment (the emergence of cracks, etc.). Therefore, the need arises for 
additional protection, a coating that does not fundamentally destroy the structure obtained during PEO, 
but which additionally isolates the implant from biological media for some time. The creation of such 
coatings and their in vitro and in vivo behavior are actively studied [4]. 

To create such coatings, the biopolymer chitosan can be used [5-8]. Chitosan is a 
polysaccharide characterized by biocompatibility, some antimicrobial and otseointegrative properties, 
and the ability to degrade in the biological tissues over time. Also, it is environmental friendly. It is 
possible to include additional components in the chitosan films, for example, antibiotics or other drugs 
to combat microbial biofilms, preventing infection after implantation. A number of studies have noted 
the ability of chitosan to increase the corrosion resistance of metals and their alloys. Chitosan coatings 
obtained in various ways may differ in their characteristics. In our work, we used the three simplest, 
easiest to implement on an industrial scale, inexpensive methods of depositing chitosan on the PEO-treated 
surface of titanium-zirconium alloys and investigated their corrosion resistance in model media. 
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MATERIALS AND METHODS 
In this work, samples of TiZr alloy with a PEO treated surface were obtained from NanoPrime 

(Dębica, Poland) [2, 3]. To obtain polymeric coatings, dip-coating, spin-coating (1000 rpm) and 
electric deposition methods were applied. For dip-coating and spin-coating 2% and 0.5% solutions of 
chitosan (300 kDa, 87% deacetylation) in 1% acetic acid were used. For electrodeposition, a 0.5% 
solution of chitosan in 1% acetic acid was used. Electrodeposition was carried out during 15 min. 
under constant voltage of 120 V. The resulting coatings were treated with 1% NaOH for crosslinking. 
To assess the biocompatibility, the SBF (simulated body fluid) test was employed, first introduced by 
T. Kokubo [9]. The original SBF [10] was used. The samples were incubated in the double 
concentration SBF (2SBF) for 5 days to accelerate the biomimetic calcium phosphate coating process 
[11]. To determine corrosion resistance, the samples were immersed in the solution containing 3% 
H2SO4 and 0.9% NaCl for 5 days. 

Contact angle of water droplets on the PEO-treated surface was measured with OCA-15EC 
instrument (DataPhysics Instruments, Germany). 

The phase composition of the surfaces was studied with the X-ray diffraction (XRD) using the 
diffractometer DRON4-07 (Burevestnik, Russia). The Ni-filtered CuKa radiation (wavelength 0.154 
nm) was used with a conventional Bragg-Brentano geometry θ-2θ (where 2θ is the Bragg’s angle). 
The current and the voltage of the X-ray tube were 20 mA and 30 kV, respectively. The samples were 
measured in the continuous registration mode (at the speed of 2°/min) within the 2θ-angle range from 
25 to 100°. All experimental data processing procedures were performed with the program package 
DIFWIN-1, (Etalon PTC Ltd.). Pattern attribution was made using Qualx2 program package [12]. 

Scanning electron microscopy was used to control the changes in the state of the surface with 
the electron microscope REMMA102 (SELMI, Ukraine). This instrument allows visualization of 
sample surface with the resolution down to 10 nm. The accelerating voltage of the electron probe was 
20 kV; the current of the probe was 2 nA. To avoid surface charge accumulation, samples were 
covered with the thin (30–50 nm) layer of silver in the vacuum set-up VUP-5M (SELMI, Ukraine). 

 
RESULTS AND DISCUSSION 

 The TiZr alloy samples were PEO treated in the electrolyte containing calcium and phosphate 
ions. After the treatment the surface is covered with the thick oxide layer having uniform rough porous 
structure without visible cracks (fig. 1). Contact angle of the oxide layer on the surface was in the 
range from 50° to 60° indicating hydrophilic nature of the oxide layer. Contact angles of chitosan 
coating were in the range of 90°-100°; the slight swelling of chitosan was observed in the contact 
place of water droplet and chitosan film immediately after the measurement. 
 

 
 

Fig. 1. The PEO treated surface of the TiZr sample, magnification 500x. 
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 The X-ray diffraction pattern of metallic samples (TiZr alloy without PEO and organic 
coating) corresponds to the pattern of pure TiZr alloy (Qualx2 card #00-152-7316). After PEO 
treatment of the samples, in their XRD patterns emerge the peaks corresponding to TiZr oxide (fig. 2). 
 

 
Fig. 2. XRD patterns of uncoated TiZr (left) and PEO-treated TiZr (right). Peaks marked with asterisks 

correspond to TiZr oxide. 
 

   
 

  
 

Fig. 3. The PEO treated surface of the TiZr sample without chitosan (A), dip-coated with chitosan (B), 
electrodeposited chitosan (C), spin-coated with chitosan (D). 

 
The surface state and its changes were controlled at every stage of the experiments. There was 

significant difference in morphology of chitosan coating deposited on the oxide layer of TiZr 
depending on the method: dip-coating gives uniform film covering the pores in the oxide layer  
(fig. 3 B), electrodeposited chitosan film looks non-uniform, giving visible strands of denser material 
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between which one can see the surface of TiZr oxide (fig. 3 C), probably covered by thin chitosan 
layer (as it follows from corrosion tests described below), chitosan layer formed by spin-coating is 
uniform and covers the oxide layer remaining its roughness visible, except the pores (fig. 3 D). 

To assess the biocompatibility of the alloys (as potential medical implants) with this complex 
multi-layered surface, the 2SBF tests have been used. The tests show that calcium phosphate salts 
readily deposited both on the “clean” PEO surface and the surface with a chitosan coating deposited 
by electrodeposition and spin-coating (fig. 4). In the case of dip-coating, the calcium salts do not form 
visible depositions on the surface, and moreover, some degradation of the chitosan film is observed. 
 

  
 

  
 

Fig. 4. The surface of the samples after 2SBF immersion without chitosan (A), dip-coated with chitosan (B), 
electrodeposited chitosan (C), spin-coated with chitosan (D). 

 
To investigate the corrosion behaviour of the complex coatings, the samples were incubated in 

H2SO4/NaCl solution for 5 days. After the incubation, the surface of the samples was again studied by 
scanning electron microscopy (fig. 5). After the treatment, the deep cracks form on the PEO treated 
surface (TiZr oxide) without chitosan. 

In the cases of dip-coated and spin-coated samples, a smooth film is formed on the surface 
(fig. 5 D and fig. 6, right). In the case of dip-coating variant, this film is easily peeled off from the 
sample surface. The Fig. 6 B shows the surface of the sample after corrosion test without the organic 
upper layer. In the Fig 6 the smooth upper surface of the chitosan film exfoliated from the TiZr sample 
surface is shown, as well as the rough structured side of this film which had been in the contact with 
the PEO-treated surface of the sample. So, the dip-coating method can be used to form asymmetric 
chitosan membranes with a structured surface. In the case of spin-coating, the organic layer after 
corrosion test it is firmly fixed on the sample, and therefore prevents the appearance of cracks on the 
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surface in aggressive acidic medium. Electrodeposited films subjected to corrosion tests both protect 
the PEO surface and preserve the structure of the polymeric coating itself (fig. 5 C). 

 

  
 

  
 

Fig. 5. The surface of the samples after incubation in H2SO4/NaCl solution without chitosan (A), dip-coated with 
chitosan (B), electrodeposited chitosan (C), spin-coated with chitosan (D). 

 

  
 

Fig. 6. Chitosan film from the dip-coated sample after corrosion test, bottom (left) and top (right). 
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CONCLUSIONS 
The best method of chitosan coating deposition among the methods which were studied in this 

work is electrodeposition, since in this case no cracks form on the PEO-treated surface during 
corrosion tests, and the structure of the PEO-coating is preserved. The dip-coating method can be used 
to form asymmetric chitosan membranes with a structured lower surface and a smooth upper to be 
used biomedicine as separate materials. 
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