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Abstract: Electrophoretic deposition (EPD) of chitosan/poly(4-vinylpyridine) (chit/P4VP) coatings on 

titanium substrates previously decorated with silver nanoparticles (AgNPs) was performed at different 

content of P4VP in the suspension and different voltage values. The results revealed that the composite 

coatings were formed, well-adjacent to the titanium substrate, of suitable roughness, hydrophilicity, and 

corrosion resistance. The voltage value and P4VP content had complex and different effects on coating 

properties, due to the effects of process parameters on microstructure and adhesion. The best coatings of 

both chitosan and P4VP were formed at 10 V at 0.1% (w/w) during a one-minute deposition. These pH-

sensitive antibacterial coatings may, based on the present results, be recommended for surface modification 

of titanium implants. 
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1. Introduction

The most attractive antibacterial pH-sensitive coatings of titanium implants studied so far were those

based on chitosan able to degrade in a wide pH range, dopped with nanosilver. Due to the tendency of 

chitosan to swell in aqueous media, e.g. the simulated body fluid, the need for a natural/synthetic hybrid 

biopolymer blend emerged [1-5]. Among other compounds, poly(4-vinylpyridine) (P4VP) can be 

considered as pH-related species dissolving at pH<5 [6-8]. The coatings composed of such two polymers 

demonstrating different relationships of degradation rate on pH value can be effective over a wide range of 

low pH typical of inflammation states. Despite this advantage, such composite was seldom tested, e.g. as a 

hybrid material for (waste) water treatment [9], and not as a coating. Therefore, this research has been 

aimed to develop chit-P4VP coatings, presumably effective in acidic, neutral, and slightly alkaline 
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electrolytes typical of the human body [10], and determine the effects of deposition voltage and solution 

composition on their microstructure, adhesion, wettability, and corrosion parameters.  

2. Materials and methods 

Ti Grade 2 samples (EkspresStal, Poland) were ground with sandpapers up to No. 800, then rinsed with 

isopropanol and distilled water. AgNPs were produced on a bare surface by AgNO3 (VWR International, 

Belgium) electro-reduction at 0.005 g/L content and voltage of -1.2 V during 15 s. Electrophoretic 

deposition of coatings was performed in a suspension of 0.1% (w/w) of chitosan (purity > 99%, MW ~ 310-

375 kDa, Sigma-Aldrich, USA) and either 0.1% (samples A and B) or 0.2% (w/w) (sample C) of P4VP 

(MW ~ 160 kDa, Sigma-Aldrich, USA) in 1% CH3COOH (99.9%, Stanlab, Poland) at a voltage of 5 V 

(samples A and C), or 10 V (sample B), for 1 min. The testing procedures were based on [11,12].  

The morphology of coatings was examined with SEM (JSM-7800 F, Jeol, Japan) and elemental 

composition by EDS (Edax Inc., USA), the coating thickness with dual scope thickness meter 

(SN100146594, Helmut Fischer GmbH, Germany), surface roughness by AFM (NaniteAFM, Nanosurf 

AG, Switzerland) on a 5050 µm area, and wettability by the falling drop method in 10 s (Attention Theta 

Life, Biolin Scientific, Finland). FTIR spectrometry (ATR mode) (Perkin Elmer Frontier, USA) was used 

to determine chemical bonds in the coatings. Adhesion of the coatings was determined by scratch test (120 

mN force, 500 µm distance, NanoTest Vantage, Micro Materials, UK). 

The electrochemical corrosion tests included measurements of open-circuit potentials (OCP), 

potentiodynamic polarization method, and electrochemical impedance spectroscopy (EIS), in a simulated 

body fluid (SBF) of the composition according to the PN-EN ISO 10993-15, at 37 °C and pH 7.4, by a 

potentiostat (Atlas 0531, Atlas Sollich, Poland). The OCP values were determined after 1 h of exposure. 

The EIS investigations were taken at a frequency from 1 Hz to 100 kHz, and at the amplitude of 10 mV; 

the data were processed using ZView software (Scribner Associates, USA). The potentiodynamic curves 

were obtained in the voltage range of -1.0 to 1.0 V at a potential change rate of 1 mV/s followed by the 

assessment of the corrosion potential (Ecorr) and corrosion current density (icorr) utilizing the Tafel 

extrapolation approach. 

3. Results and discussion 

The SEM and EDS (Fig. 1a) showed the Ag nanoparticles (AgNPs) uniformly dispersed on the surface. 

The chit/P4VP coatings fully covered the substrate decorated with AgNPs (Fig. 1b). The  
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Figure 1. a) SEM and EDS results for AgNPs-decorated surface; b) SEM images and thicknesses (n=10) 

for chit/P4VP coatings; c) AFM topography maps and Sa values (n=3); d) water drop images and contact 

angle values (n=5).  

increasing both the P4VP content in the bath and the deposition voltage resulted in greater thickness of the 

coating (Fig. 1b). Furthermore, both variables made the coating rougher due to faster water electrolysis and 

more hydrogen bubbles on the cathode at higher voltage, and greater misfit of both polymer components 
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with increasing P4VP amount, relatively (Fig. 1c). All coatings were hydrophilic (Fig. 1d), with wettability 

slightly increasing with voltage and more pronouncedly decreasing with PV4P amount.  

The FTIR spectrum was made for sample B only (Fig. 2a). The vibrations characteristic of the pyridine 

ring present in the P4VP molecule [13] appears at 1598, 1556, 1461, and 1415 cm-1. Less intense bands 

characteristic for chitosan are also visible. The band at 3450 cm-1 is attributed to –NH2 and –OH groups 

stretching vibration. The peaks characteristic for the chitosan appeared at 1657 cm-1 (due to CONH2), at 

1080 cm-1 (C-O bond), and 1598 cm-1 (amine group) [14,15]. The FTIR results confirm then that coating 

composed of both polymers has been present on the surface after EPD.  

All the coatings demonstrated corrosion parameters close to each other and resistivity much better than 

that of bare surface; as the time course of OCP (Fig. 2b) indicates the electrochemical reaction rate, while 

the OCP magnitude discloses the corrosion tendency [16], the equilibrium is quickly attained and all 

coatings are tight. The drastic decrease in icorr (determined by Tafel extrapolation of the curves in Fig. 2c) 

after each coating deposition confirms their protective properties (Table 1); the rising PV4P content makes 

the coating less uniform reflecting in higher corrosion rate. The equivalent electrical circuits (Fig. 2d) here 

used were already described in [4], and the χ2 value in the range of 10-3 ̶ 10-4 suggests a satisfactory fitting. 

According to the Nyquist (Fig. 2e) and Bode plots (Fig. 2f), both increasing voltage and P4VP content 

resulted in decreasing impedance, but increasing resistance (Table 1). The electrochemical results can be 

explained by thickness increasing with voltage (better protection) which is worsened by a greater amount 

of a second coating component due to less tight structure resulting in the easier appearance of corrosion 

channels.  

As illustrated (Fig. 2g) by the friction force - normal force relationships during the scratch test, the mean 

critical forces Lc (Table 1) resulting in coating delamination increased with rising voltage and lowered with 

increasing P4VP content.  
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Figure 2. Results of: a) FTIR analysis for sample B, and electrochemical studies: b) OCP characteristics, 

c) potentiodynamic relationships; d) equivalent circuits used, e) Nyquist plots, and f) Bode-phase and Bode-

Z plots; g) scratch test runs with shown scratch (top) and marked critical load Lc (bottom). 

The obtained results can be explained by the effects of process parameters on microstructure. The 

increasing voltage makes the coating thicker, less permeable, and highly adhesive to the substrate. On the 

other hand, the growing P4VP content results in the greater mechanical misfit between macromolecules of 

softer and harder polymers and, likely, weaker adhesion and less tight coating followed by increasing 
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corrosion. It seems that, at a smaller amount of P4VP, a higher voltage is preferable as more ions/molecules 

are transferred to an electrode in a time unit, and this coating seems denser/more compact.  

Table 1. Results of corrosion and scratch-crack tests (n=10). 

Sample 
OCP 

(V) 

Ecorr 

(V) 

icorr 

(A/cm2) 

Rs 

(Ohm) 

χ2 

(-) 

Lc 

(mN) 

Ti (bare 

substrate) 
0.009 - 0.147 30.719 54.93 0.00992 - 

A 0.074 0.068 0.858 23.23 0.00076 12.28±3.19 

B 0.065 0.004 0.458 30.22 0.00182 27.09±5.51 

C 0.019 - 0.065 5.044 30.02 0.00134 7.78±2.47 

 

4. Conclusions 

The composite coatings chit/P4VP on Ag-decorated Ti surface of good adhesion and several properties 

can be obtained by EPD in a suspension containing 0.1-0.2% (w/w) of each substance, respectively, at 

voltage 5-10 V for 1 min. The most profitable among all here investigated is the coating deposited at 10 V 

and 0.1% (w/w) of P4VP content.  

The voltage growing from 5 to 10 V results in increasing roughness, wettability, OCP, resistivity, 

scratch-crack resistance, and decreasing current density and impedance. The increasing P4VP amount, from 

0.1 to 0.2% (w/w) leads to increasing roughness, resistivity, impedance, and corrosion current, and 

decreasing wettability, OCP, and scratch-crack resistance. The observed effects can be attributed to changes 

in microstructure, thickness, roughness, tightness, and adhesion of the coatings.  
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