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Abstract: The surface treatment of titanium implants has been applied mainly to increase surface 
bioactivity and, more recently, to introduce antibacterial properties. To this end, composite coatings 
have been investigated, particularly those based on hydroxyapatite. The present research was aimed 
at the development of another coating type, chitosan–nanosilver, deposited on a Ti13Zr13Nb alloy. 
The research comprised characterization of the coating’s microstructure and morphology, time-
dependent nanosilver dissolution in simulated body fluid, and investigation of the nanomechanical 
properties of surface coatings composed of chitosan and nanosilver, with or without a surface-active 
substance, deposited at different voltages for 1 min on a nanotubular TiO2 layer. The microstructure, 
morphology, topography, and phase composition were examined, and the silver dissolution rate in 
simulated body fluid, nanoscale mechanical properties, and water contact angle were measured. 
The voltage value significantly influenced surface roughness. All specimens possessed high 
biocompatibility. The highest and best adhesion of the coatings was observed in the absence of a 
surface-active substance. Silver dissolution caused the appearance of silver ions in solution at levels 
effective against bacteria and below the upper safe limit value.  

Keywords: bioactive coatings; chitosan coatings; antibacterial coatings; silver release; 
nanomechanical properties; wettability 

 

1. Introduction 

Titanium and its alloys are the most promising biomaterials applied for long-term orthopedic, 
dental, and maxillofacial implants. Among the many titanium alloys, the Ti13Zr13Nb alloy seems to 
be the best choice compared to the widely used commercial Ti-6Al-4V and Ti-6Al-7Nb alloys, as it 
possesses Young’s modulus approaching that of a bone, and it contains no harmful elements such as 
Al or V [1].  

The rejection of long-term implants observed during the primary and long-term fixation period 
has resulted in the development of a variety of antibacterial titanium surfaces for titanium implants, 
with the most popular including Ag, Cu, Zn, F, Y, Fe, N, Co, antibiotics, chitosan, and peptides [2,3]. 
Silver is used in medical applications as pure metallic silver, silver halides, nitrate, and sulfate, silver–
organic complexes and silver zeolite, silver oxide nanoparticles, and silver ions [4–6]. Silver 
nanoparticles (AgNPs) cause damage to the bacterial membrane and subcellular structures, 
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dependent on the shape, size, surface appearance, and chemical states, and aggregation of the AgNPs 
[7]. 

Chitosan is a chemical compound with specific antibacterial properties [2,8–10]. Its main medical 
applications include controlled drug delivery, wound healing, and tissue regeneration [11,12]. 
Multiple coatings have been developed to improve these biological properties. Chitosan–AgNP 
coatings showed an inhibitory effect on the growth of some pathogens and reduced biofilm formation 
with no observed cell cytotoxicity in one study [13]. In another study, chitosan-based films containing 
silver nanoparticles were shown to have wetting properties highly sensitive to the fraction of AgNPs 
[14]. Coatings composed of chitosan, silver, and hydroxyapatite exhibited antibacterial activity and 
were nontoxic to MC3T3-E1 cells [15]; chitosan coatings with silver-decorated calcium phosphate 
microspheres lowered bacterial viability up to 90% [16], and silver-doped β-tricalcium phosphate 
composite coatings exhibited antibacterial activity and no adverse cytotoxic effects towards the cell 
line MG-63 [17]. Chitosan–cellulose composite films with AgNPs demonstrated excellent 
antibacterial properties against Escherichia coli and Staphylococcus aureus [18]. Coatings comprising 
polyvinyl alcohol capped with silver nanoparticles and based on a chitosan matrix demonstrated 
bactericidal activity against E. coli and S. aureus [19]. Finally, chitosan–gelatin–nanosilver composite 
films also showed in vitro antibacterial activity against E. coli and S. aureus [20]. 

Similar antibacterial effectiveness was also exhibited by nanocomposites of chitosan and 
nanosilver, which demonstrated significant antimicrobial activity against Gram-negative Salmonella 
and a potent anticancer effect [21], reduced fungal growth and caused morphological and 
ultrastructural changes in the pathogen [22], and were effective against S. aureus, Bacillus sp., E. coli, 
Proteus sp., Pseudomonas sp., Serratia sp., and Klebsiella sp. and the fungal pathogens Aspergillus niger, 
Aspergillus flavus, Aspergillus fumigatus, and Candida albicans [23]. Such nanocomposites demonstrated 
minimum bactericidal concentration values of 39.1 and 312.5 μg/ml for E. coli and S. aureus, 
respectively, and did not exhibit cytotoxicity to L-929 fibroblasts [24]. Chitosan hydrogels, reinforced 
with silver nanoparticles, revealed ultra-high mechanical and high antibacterial properties against E. 
coli and S. aureus and were used to accelerate wound healing [25]. 

The fundamental problem in the deposition of chitosan coatings is the perfect dispersion of 
nanosilver particles in such coatings. To introduce and maintain dispersion in an electrolyte, 
numerous surface dispersing agents are added to the bath, such as Tween 20, Tween 80, sodium 
dodecyl sulfate, trisodium citrate, and Span 20 [26–30]. Among these, polysorbate 20 (Tween 20) is 
often used for chitosan coatings because it provides a more stable, less aggregated suspension of 
metallic nanoparticles. Furthermore, it reduces the interfacial tension and improves the adhesion of 
the chitosan coating to the substrate [31,32]. 

All research conducted to date has clearly shown that chitosan–AgNP coatings demonstrate 
high antibacterial efficacy against a significant number of Gram-positive and Gram-negative strains, 
including fecal bacteria. However, the mechanical properties of such material systems, determined 
for thin layers mainly via phenomena occurring at titanium–chitosan/AgNPs interfaces, and the 
surface state have been much less investigated. In the present research, a nanotubular oxide layer 
was created and used to improve the adhesion of chitosan–AgNP coatings obtained by 
electrophoretic deposition (EPD), a technical solution often applied for different coatings, but seldom 
for the one investigated here. Adhesion was also determined by the chemistry of the metallic surface, 
and the presented research is likely the first study of this nature to apply the Ti13Zr13Nb alloy, the 
safest of all the titanium materials applied for load-bearing implants. 

2. Materials and Methods  

2.1. Preparation of Specimens 

The Ti13Zr13Nb alloy (SeaBird Metal Materials Co., Baoji, China) used as a substrate had the 
composition shown in Table 1. Round samples, 4 mm thick, and with a 3.14 cm2 area, were cut from 
rods of 40 mm diameter. The surface roughness was Sa = 0.15 μm, achieved by polishing with 
abrasive sandpapers, with No. 2000 as the last. Subsequently, the specimens were rinsed in pure 
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isopropanol and then in deionized water with an ultrasonic device (Sonic-3, POLSONIC, Warsaw, 
Poland) for 15 min. Finally, etching was performed for 10 min in 25% HNO3 to remove the native 
oxide layers [33], after which the samples were once again rinsed with distilled water and air-dried. 

Table 1. The chemical composition of the Ti13Zr13Nb alloy, wt.%. 

Element Nb Zr Fe C N O Ti 

wt.% 13.0 13.0 0.05 0.04 0.019 0.11 remainder 

2.2. Electrochemical Oxidation of Ti13Zr13Nb Alloy 

Electrochemical oxidation was done in a test solution of 10 mL of 85% orthophosphoric acid (1M 
H3PO4) (Sigma Aldrich), 1.2 mL of 40% of hydrofluoric acid (HF) (both from Polskie Odczynniki 
Chemiczne, Gliwice, Poland), and 150 mL of deionized water. The tests were carried out in a standard 
electrical circuit comprising an electrochemical cell, a DC power source (MCP/SPN110-01C, Shanghai 
MCP Corp., Shanghai, China), a platinum polarising electrode as the cathode, and the tested alloy as 
the anode, placed at a distance of 10 mm. All tests were carried out at room temperature, at a constant 
voltage of 20 V, and a charging time of 20 min. After oxidation, the specimens were rinsed in distilled 
water and dried in air at ambient temperature for 24 h. 

2.3. Electrophoretic Deposition of Chitosan - Nanosilver Coatings 

The electrolytes were prepared by dispersing 1 g of high-weight chitosan (degree of 
deacetylation > 75%; Sigma Aldrich, St. Louis, MO, United States) and 0.05 g of silver nanopowder 
(Hongwu International Group Ltd, Guangzhou, China) with an average powder grain about 30 nm 
in 1 L of 1% acetic acid (Polskie Odczynniki Chemiczne, Gliwice, Poland). Two different electrolytes 
were used, without (Suspension 1, Specimen A) or with (Suspension 2, Specimens B and C) 1 ml of 
Tween 20 (Polysorbate 20) (Sigma Aldrich, St. Louis, MO, United States) diluted in 1 L of 1% (v/v) 
acetic acid. The electrolytes were then homogenized using a magnetic stirrer (at 250 rpm) for 24 h at 
room temperature. The suspensions were prepared 1 h before deposition. The Ti13Zr13Nb specimen 
was used as the cathode, and platinum was used as the anode. The electrodes were placed at a 
distance of 10 mm. A DC power source (MCP/SPN110-01C, Shanghai MCP Corp., Shanghai, China) 
was applied. The EPD was performed at 10 V (Specimens A and B) and 20 V (Specimen C) for 1 min 
at room temperature. Finally, the as-deposited composite coatings were rinsed with distilled water 
and air-dried at room temperature for 48 h. The test variables, their investigated combinations, and 
further notes are presented in Table 2.  

Table 2. Test variables, their investigated combinations, and further notes. 

Specimen 

Properties of electrophoretic deposition 

Chitosan 
content (g) 

Silver 
nanoparticle 
content (g) 

Polysorbate 20 
content (ml) Voltage of 

deposition (V) 

Time of 
deposition 

(min) 
1 L of 1% (v/v) acetic acid 

A 1 0.05 - 10 1 
B 1 0.05 1 10 1 
C 1 0.05 1 20 1 

2.4. Structure and Morphology of Composite TiO2 – Chitosan - Nanosilver Coatings 

The nanotubular TiO2 layer and coating surface were examined for each specimen with a high-
resolution scanning electron microscope (SEM JEOL JSM- 7800 F, JEOL Ltd., Tokyo, Japan), equipped 
with a LED detector, at 5 kV acceleration voltage. The chemical compositions of the obtained coatings 
were determined using an X-ray energy dispersive spectrometer (EDS) (Edax Inc., Mahwah, NJ, 
U.S.A.). Specimens with chitosan coatings (A, B, and C) were sputtered with a 10 nm thick layer of 
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gold using a table-top DC magnetron sputtering coater (EM SCD 500, Leica, Vienna, Austria) in pure 
Ar plasma condition (Argon, Air Products 99.9%) before SEM and EDS techniques were applied. The 
atomic force microscope (NaniteAFM, Nanosurf AGLiestal, Switzerland) was applied to examine the 
surface topography. The examinations were carried out in non-contact mode at a force set up at 55 
mN. The roughness index Sa was calculated as the mean of several tests made over the area of 50 × 
50 μm. The X-ray diffraction method (XRD) (Phillips X'Pert Pro, Almelo, Netherlands) was applied 
via a diffractometer (Cu Kα, λ = 0.1554 nm) in the 2θ range of 10–90° at a 0.02 step and 2 s/point, at 
ambient temperature and under atmospheric pressure. The Fourier-transform infrared (FTIR) spectra 
were recorded with a spectrophotometer (Perkin Elmer Frontier, Poznań, Poland) at a resolution of 
2 cm−1 in the range of 400–4000 cm−1. For measurements in transmittance mode, the samples were 
mixed with KBr and pressed to obtain pellets.  

2.5. Silver Release in Simulated Body Fluid (SBF) Solution 

The contents of Ag ions were determined after immersion of specimens A, B, and C in simulated 
body fluid prepared according to PN-EN ISO 10993-15 by dissolving reagent grade chemicals: 
(NH2)2CO (0.13 gL−1), NaCl (0.7 gL−1), NaHCO3 (1.5 gL−1), Na2HPO4 (0.26 gL−1), K2HPO4 (0.2 gL−1), 
KSCN (0.33 gL−1), and KCl (1.2 gL−1) in 1 L of deionized water. The immersion times were 1, 3, and 7 
days at 39 °C. The silver contents were determined using atomic absorption spectrometry (SensAA 
DUAL, GBC Scientific Equipment Pty Ltd, Australia). A dual-beam optical system with a deuterium 
lamp was applied for background correction, and a silver hollow cathode lamp (0.4 mA) was the 
radiation source. The wavelengths used for such analyses were 328.1 and 338.3 nm, and the slit width 
was 0.5 nm in both cases. To prepare the calibration curve, an Ag basic standard solution with a 
content of 1000 mg/L in 2% HNO3 (VWR Chemicals) was applied. The first standard solutions at a 
concentration of 10 mg/L were prepared by diluting 1000 mg/L stock solutions. Six subsequent 
standard solutions were prepared for the calibration curve, at 0.1, 0.3, 0.5, 1.0, 2.0, and 3.0 mg/L. The 
linear regression method was used to create the calibration curve. The R2 coefficient was equal to 
0.998, which proved acceptable linearity. 

2.6. Mechanical Studies—Nanoindentation and Nanoscratch Tests 

Nanoindentation tests were performed with the NanoTest™ Vantage (NanoTest Vantage, Micro 
Materials, Wrexham, UK) equipment equipped with a Berkovich three-sided pyramidal diamond. 
Fifty (5 × 10) independent measurements of nanoindentation for the reference Ti13Zr13Nb sample, 
Ti13Zr13Nb–TiO2, and Ti13Zr13Nb–TiO2–chitosan–nanosilver tested specimens (A, B, and C) were 
carried out. The maximum applied force was 50 mN, the loading and unloading rates were set up at 
20 s, and the dwell period at the maximum load was 10 s. The distances between the subsequent 
indents were 20 μm. During the indent, the load-displacement curve was determined based on the 
Oliver and Pharr method. Afterward, surface hardness (H) and reduced Young’s modulus (Er) were 
calculated using the integrated software. Estimating Young’s modulus (E), Poisson’s ratios of 0.33, 
0.3, and 0.4 were assumed for the reference Ti13Zr13Nb, Ti13Zr13Nb–TiO2, and Ti13Zr13Nb–TiO2–
chitosan–nanosilver specimens (A, B, and C, respectively). 

Nanoscratch tests were made using the same device and the indenter for each specimen. The 
scratch tests were repeated 10 times while increasing the load from 0 mN to 200 mN at a loading rate 
of 1.3 mN/s at a distance of 500 μm. The adhesion of the coating was assessed as the stress 
corresponding to an abrupt change in frictional force during the test. 

2.7. Contact Angle Studies 

The three water contact angle measurements of the reference Ti13Zr13Nb, Ti13Zr13Nb–TiO2 and 
Ti13Zr13Nb–TiO2–chitosan–nanosilver specimens (A, B, and C) were taken with the contact angle 
instrument (Goniometer, Attention Theta Life, Biolin Scientific, Espoo, Finland) at room temperature 
10 s after the dropout. 
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2.8. Statistical Analysis 

Statistical analysis of the data was performed using a one-way ANOVA (analysis of variance). 
The Kolmogorov–Smirnov test was used to assess the normal distribution of the data. Statistical 
significance was set at p < 0.05. All of the results are presented as the mean ± standard deviation (SD). 

3. Results and Discussion 

3.1. Structure and Morphology of Composite TiO2–Chitosan–Nanosilver Coatings 

The morphology and cross-section of a nanotubular titanium dioxide layer are presented in 
Figure 1. The homogeneous layers possessed nanotubes, which were 0.78 ± 0.10 μm long, about 120 
nm in inner diameter, and 25 nm of wall thickness. TiO2 nanotubes were aligned vertically and 
densely packed. The TiO2 nanotube layers were previously obtained on a titanium alloy using 
electrolytes with orthophosphoric acid and hydrofluoric acid [34,35]. Nanotubular titanium dioxide 
layers designed to ensure better adhesion between the substrate and coatings and for improved 
corrosion resistance of titanium alloy have also been investigated in the past [36,37]. 

 

Figure 1. Nanotubular dioxide TiO2 on the Ti13Zr13Nb alloy (topography—left, thickness—right), 
Magnifications 16,000 × (on left) and 32,000 × (on right). 

Figure 2 shows homogenous chitosan coatings for three nanotubular titanium dioxide 
specimens produced (regardless of the EPD voltage or electrolyte) on the Ti13Zr13Nb alloy. The 
micrographs were prepared to examine the dispersion of Ag nanoparticles on chitosan coatings 
produced in a single process (EPD of chitosan with nanoparticles). For Specimen A (without 
dispersant in the electrolyte), large agglomerates of nanosilver were obtained (Figure 2A). The 
presence of dispersant in electrolytes used for the coating of Specimens B (Figure 2B) and C (Figure 
C) reduced the tendency of nanosilver agglomerates to form. The cracks visible at high magnifications 
were the result of gold sputtering on samples.  

 
Figure 2. Chitosan coatings with nanosilver on the TiO2 layer on the Ti13Zr13Nb alloy, Specimens A, 
B, and C. Magnifications 1,000 × (on the left)), 5,000 × (at the center) and 25,000 × (on the right). 
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The surface morphology and area roughness of titanium alloy Ti13Zr13Nb, TiO2 nanotube 
arrays, and the chitosan-based composite coating, characterized by AFM as 3D images, are shown in 
Figure 3. The roughness, determined by process parameters, is listed in Table 3. 

 
Figure 3. Atomic force microscopy (AFM) topography of the Ti13Zr13Nb substrate, the substrate with 
the TiO2 nanotubular layer, Specimens A, B, and C 

Table 3. Roughness parameters of the reference specimen, TiO2 layer, and chitosan composite 
coatings. 

 Properties 

Specimen Sa parameter (µm) 
Thickness (µm); 

(mean ± SD; n = 10) 
TiO2 layer on Ti13Zr13Nb alloy 0.07 0.78 ± 0.10 

A 0.10 0.78 ± 0.08 
B 0.08 0.22 ± 0.04* 

C 0.11 3.18 ± 0.18* 
reference Ti13Zr13Nb alloy 0.15 - 

* significantly different from Specimen A (analysis of variance (ANOVA) p < 0.05) 

A significant change in surface topography occurred following the anodization and 
electrophoretic deposition of the composite chitosan coatings. The addition of polysorbate 20 made 
the roughness lower because it is a compound that decreases surface tension and thus enhances the 
formation of the homogenous layer. An increase in voltage resulted in a small increase in the 
roughness and a 4-fold increase in coating thickness caused by the increasing amount of particles 
delivered to the surface in a time unit, always associated with a tendency to create thick and more 
porous layers. Moreover, the experiments confirmed that an increase of applied voltage caused the 
formation of more bubbles in chitosan coatings, which was the result of water hydrolysis during the 
EPD process and hydrogen evolution at the deposition electrode [38]. Higher voltage increases the 
intensity of this process, which results in more porous coatings [39]. The thickness of the composite 
coating was negatively influenced by the addition of polysorbate 20, which could be attributed to 
closer packing of particles (lower roughness). The presence of TiO2 decreased the surface roughness 
due to the surface preparation before anodizing. Even on an unpolished surface with a high 
roughness parameter (0.15 μm), titanium dioxide was formed at the same rate across the entire 
surface, which thus created a homogenous layer and decreased the surface’s roughness. 

The thickness values of the chitosan composite layers are shown in Figure 4 and presented in 
Table 3. The thickness of the coatings correlated with the results shown in SEM images (Figure 2) and 
AFM topographies (Figure 3). The nanotubular titanium dioxide layer was distinctly observed under 
the thinnest chitosan coating by both SEM and AFM (Specimen B). The presence of polysorbate 20 
for specimens obtained at 10 V decreased the thickness of the layer (Specimens A and B). 
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Figure 4. Chitosan composite coatings on TiO2 on Ti13Zr13Nb. Three different parts of 

chitosan coating are shown in subfigures; arrows indicate one of the coating interfaces. 

Figures 5 and 6 show the elemental distribution map and chemical composition of selected areas 
for Specimens A and B. The EDS map for Specimen A, shown in Figure 5, confirmed the occurrence 
of agglomerates of silver nanoparticles larger than those found in Specimen B. The EDS map for 
Specimen B, shown in Figure 6, proved an improved dispersion of silver nanoparticles following the 
use of dispersant (polysorbate 20) and, consequently, the appearance of a larger specific surface area 
with silver nanoparticles. For both specimens, A in Figure 5 and B in Figure 6, mapping Ti and O 
elements revealed a uniform distribution of nanotubular titanium dioxide on the Ti13Zr13Nb alloy. 

 
Figure 5. Elemental distribution map and chemical composition from a selected area, Specimen A 

 
Figure 6. Elemental distribution map and chemical composition from a chosen region, Specimen B 

EDS mapping required collection of a stable image over about 30 min, which proved to be 
impossible for Specimen C. This was caused by the excessive thickness of the chitosan layer which, 
being an electrical insulator, resulted in image drift (a blurred image) during the EDS mapping, 
despite the sputtering of the gold layer. The highest content and more dispersed silver nanoparticles 
on Specimen B resulted in a more prolonged silver release to the surrounding implant tissue and, in 
consequence, a more effective bactericidal effect of these particles. The formation of agglomerates of 
silver nanoparticles has been previously reported [40,41]. The adverse impact of silver particles’ 
agglomeration on antimicrobial behavior has been explained as being due to decreasing contact 
between nanoparticles and bacterial cells. Silver nanoparticle agglomeration reduces their 
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antibacterial effects and inhibits the release of silver ions, as the agglomerates have a lower surface-
to-volume ratio and lower contact possibility with bacteria in comparison to nanoparticles. The 
problem of silver nanoparticle agglomeration may be solved by adding dispersing agents like 
polysorbate 20 to their suspension, which stabilizes Ag nanoparticles by enhancing the electrostatic 
repulsive forces between them. 

The X-ray diffractograms of the tested specimens are depicted in Figure 7. In each of them, peaks 
can be observed that can be attributed to the Ti13Zr13Nb substrate (Figure 7) [42]. For the sample 
with the TiO2 nanotubular layer, the difference in relative intensities of the primary phases (support) 
of peaks at the 2θ range of 35–42° may have been linked to the formation of the layer visible in the 
SEM and AFM micrographs (Figures 1 and 3, respectively).  

 
Figure 7. X-ray diffractogram of the Ti13Zr13Nb substrate, and the substrate with the TiO2 nanotube 
layer, Specimens A, B, and C. The peak intensities are normalized. 

Due to the overlapping of peaks, the crystalline structure of the titania nanotubes could not be 
determined. Similar results were reported previously for nanotube layers formed on pure titanium 
via anodization, where nanotube arrays of mixed-phase rutile and anatase were developed [43]. In 
the samples with the chitosan–nanosilver layer, the standard for amorphous chitosan broad 
maximum could be identified only for specimen A (2θ = 15–25°); however, its relative (to main phase 
peaks) intensity was very low [44]. The visible peaks (2θ = 38 and 44°) were attributed to the cubic 
crystalline structure of silver (ICDD 01-087-0717). Nevertheless, due to low concentration and 
nanocrystallinity, their intensity was very low. The main peak of the nanosilver phase overlapped 
with the support material peaks.  

Figure 8 demonstrates the FTIR spectra of the investigated materials. A clear spectrum of 
chitosan was observed for Specimen C, with the most pronounced chitosan layer. The measured 
spectrum corresponded to other results on stand-alone and composite chitosan from the literature 
[45–49]. The main bands appearing in that spectrum were due to stretching vibrations of OH groups 
in the range from 3750 cm−1 to 3000 cm−1, which overlapped with the stretching vibration of N-H and 
the C–H bond in –CH2 and –CH3 groups, respectively [45,50]. Bending vibrations of methylene and 
methyl groups were visible at 1375-1430 cm−1 [51]. Absorption in the range of 1680–1480 cm−1 was 
associated with the vibrations of carbonyl bonds (C=O) of the amide groups [52], and absorption from 
1160 cm−1 to 1000 cm−1 was associated with vibrations of CO [48]. The band located at around 1150 
cm−1 was related to asymmetrical vibrations of CO in the oxygen bridge resulting from the 
deacetylation of chitosan, and the bands near 1080–1025 cm−1 were associated with C-O stretching 
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[48]. The small peak at ~890 cm−1 corresponded to the wagging of the saccharide structure of chitosan 
[46]. 

 

Figure 8. Fourier-transform infrared (FTIR) spectra of the Ti13Zr13Nb substrate and the substrate 
with the TiO2 nanotube layers: Specimen A, Specimen B, and Specimen C. 

3.2. Silver Release in Simulated Body Fluid (SBF) Solution 

Ag total contents in solutions to which the specimens were exposed are presented in Figure 9. It 
was noted when the time of specimen exposure increased, the Ag concentration increased. Taking 
into account the calculated deviations of measured values, the increase in Ag content in solutions 
was 0.013–0.036 mg/L per day of exposure. The mean value of the increase of the Ag concentration 
can thus be expressed as an average of 0.025 mg/L per day of exposure, providing proof of the process 
of slow transport of Ag ions from tested materials to SBF. 

 

Figure 9. Cumulative concentrations of Ag ions released from chitosan composite coatings deposited 
on the nanotubular layer after 1, 3, and 7 days exposure in simulated body fluid (SBF) at 39 °C. Data 
are presented as the mean ± SD (n = 4). * p < 0.05; one-way ANOVA with Bonferroni post hoc 
correction. 

Nowadays, postoperative infection is one of the main problems in orthopedic surgeries. The 
bactericidal properties of 35 ppb silver have been reported [53], and the most biofilm-forming bacteria 
are found on the surface of implants [54]. Positive effects of released silver particles were observed 
for all tested specimens after 1 day when the risk of bacterial inflammation could be the highest. The 
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slow release of silver nanoparticles into the SBF may have been caused by the presence of numerous 
hydroxyl and amine groups with a strong affinity to metallic elements such as silver [55]. A local 
increase in Ag content within the adjacent tissues in a human body will thus occur and prevent 
possible local inflammation states, which, consequently, will ensure long-term antibacterial 
protection. Moreover, the reference dose for allowable oral exposure of Ag, as defined by the US EPA 
(United States Environmental Protection Agency) is 0.005 mg of Ag/kg of body mass per day and, 
considering the maximum Ag release rate determined here, the maximum daily allowable 
consumption of Ag will not be exceeded in an average adult [56]. 

Bacterial inactivation may occur via two different actions: at the direct contact of bacteria with 
nanosilver at the interface or by the interaction of bacteria and the silver ions that appear during the 
dissolution of nanosilver [57–59]. The present results did not support either hypothesis, but the direct 
contact of silver ions and bacteria in solution seems more probable, as the antibacterial efficiency 
followed the silver release. Additionally, more bacteria could be present in solution than at the silver–
solution interface, and more precisely at the surface of the nanosilver aggregates. 

3.3. Mechanical Studies—Nanoindentation and Nanoscratch Tests 

The results of the nanoindentation test are shown in Figure 10. Typical nanoindentation 
properties such as hardness, Young’s modulus, maximum depth, plastic and elastic work, and H3/E2 
factor were investigated. The remarkable standard deviations were characteristic of nanoindentation. 
For all of the Ti13Zr13Nb titanium surface modifications, decreasing nanohardness, Young’s 
modulus, and H3/E2 factors were observed compared to the reference Ti13Zr13Nb alloy. The research 
proved a significant difference between Specimens A and B, and Specimens A and C for all studied 
nanoindentation properties. 

 

Figure 10. Nanomechanical properties: (a) hardness, (b) Young modulus, and (c) H3/E2; 
nanoindentation properties: (d) maximum depth, (e) plastic work, and (f) elastic work for Ti13Zr13Nb 
substrate, substrate with the TiO2 nanotube layer, Specimen A, Specimen B, and Specimen C. Data 
are presented as the mean ± SD (n = 50). A significant difference was observed between the 
Ti13Zr13Nb control specimen (ANOVA with Bonferroni post hoc correction *p < 0.05) and Specimens 
A, B, and C (ANOVA with Bonferroni post hoc correction #p < 0.05). 

The H3/E2 factor was calculated using the results for the nanoindentation test. The H3/E2 factor 
describes the resistance of a material to plastic deformation [60]. The deposition of composite coatings 
on the nanotubular layer caused a decrease in hardness and Young’s modulus, except when a 
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simultaneous deposition was made in the presence of a surface-active compound at a lower voltage 
value. This was assumed to be an effect of the close packing and high density of coatings obtained 
under such conditions. Mechanical properties such as hardness and Young’s modulus are one of the 
most essential features for long-term and load-bearing implants. It has been proven that a significant 
difference between the properties of human bone and an implant can cause the “shielding effect” 
and, in consequence, a danger of loosening the implant [61]. The hardness and Young’s modulus of 
Ti13Zr13Nb decreased after anodization, as reported previously by Chernozem et al. [60] and 
Crawford et al. [62]. A value of Young’s modulus close to that of human bone (10–30 GPa) was 
obtained for Specimen C, characterized by the lowest nanohardness and E3/H2 factor value [33]. It 
was expected that the specimens coated with chitosan (A, B, and C) would be characterized by lower 
nanomechanical properties than the Ti13Zr13Nb alloy and Ti13Zr13Nb after the anodization process, 
but, because of the small thickness of the chitosan coatings on Specimen B (about 0.22 μm), 
nanomechanical tests for this specimen probably involved to a significant extent the TiO2 layer under 
the coating. This fact was confirmed by the lack of considerable difference between the nanohardness 
and Young’s modulus values of the TiO2 layer and Specimen B. 

The results of the nanoscratch studies are shown in Table 4. The addition of the surface-active 
substance did not influence critical friction, but significantly decreased the load representative of the 
delamination force of the layers/coatings.  

Table 4. Nanoscratch test properties of the TiO2 layer and chitosan composite coatings  
(mean ± SD; n = 10). 

 Nanoscratch test properties 

Specimen Critical friction (mN) Critical load (mN) 

TiO2 layer on Ti13Zr13Nb 
alloy 

58.22 ± 20.43 85.95 ± 28.00 

A 100.72 ± 9.31* 152.59 ± 13.93* 

B 101.58 ± 41.76* 79.91 ± 25.44# 

C 106.65 ± 28.97* 85.48 ± 30.34# 

* significantly different from TiO2 layer on Ti13Zr13Nb alloy (ANOVA p < 0.05) 
# significantly different from Specimen A (ANOVA p < 0.05) 

The highest adhesion to the bare surface was revealed for Specimen A. Values of the critical force 
were increased almost 2-fold for specimens with chitosan layers on TiO2 compared with a single TiO2 

layer. Nowadays, the nanoscratch technique is preferred for determining the adhesion of thin layers 
and coatings [63–66]. The layers and coatings for implants should possess high adhesion to metallic 
substrates, in particular against shear stresses, and the nanoscratch test used here allows such 
expectations to be assessed. Unfortunately, to date, there has been almost no research conducted on 
the use of this technique on chitosan coatings. However, Tozar [67,68] determined only a friction 
coefficient in the nanoscratch sliding test as well as hardness and Young’s modulus in the 
nanoindentation test for chitosan–hydrixyapatite–collagen coatings. 

3.4. Measurements of the Contact Angle 

The wettability of all specimens was in the range of values characteristic of high biocompatibility 
(Figure 11), which confirmed the hydrophilic character of the investigated surfaces (θ < 90°). The 
wettability of a surface is crucial for cell attachment [38]. The recommended contact angle values 
needed for the best attachment to cells for bone replacement implants are 35–85°, and the optimal 
value is 55° [69]. All investigated surfaces fulfilled this criterion. Moreover, Specimens B and C are 
closest to the optimum contact angle value. 
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Figure 11. Water contact angle at room temperature for the reference non-coated specimen, TiO2 layer, 
and chitosan composite coatings. Data are presented as the mean ± SD (n = 3). * p < 0.05; one-way 
ANOVA with Bonferroni post hoc correction.  

The differences observed between uncoated and coated specimens, and for each coating, were 
tiny or fell within the standard deviations. The addition of the surface-active substance somewhat 
increased the wettability, but no explanation for this was found. The most likely reason is that the 
presence of polysorbate 20 in the chitosan coatings decreased the surface tension for Specimens B and 
C, as suggested by Ziani et al. [31], who applied Tween 20 as a surface-active substance. As a 
consequence, the decrease of the surface tension increased the water contact angle (Specimen B and 
C), which was a consequence of the presence of silver nanoparticles in specimens B and C provided 
that they were not agglomerated. Similar results have been previously reported [70]. Agglomeration 
of silver nanoparticles (as for Specimen A) resulted in an increase of hydrophobicity and contact angle 
in comparison to well-dispersed nanoparticles. 

4. Conclusions 

Chitosan–nanosilver coatings were deposited on the nanotubular oxide layer of Ti13Zr13Nb 
alloy using the electrophoretic technique. The coatings were, at the applied solution and process 
parameters, homogeneous and well adjacent to the base, and demonstrated slow dissolution of 
nanosilver into the simulated body fluid. 

The addition of a surface-active compound resulted in a small decrease in roughness, an increase 
in nanohardness, faster liberation of silver ions, and a reduction of critical load in a scratch test of 
tested composite coatings, which was attributed to a smoother and more packed (less porous) surface. 

The increase in EPD voltage caused a high increase in coating thickness, a decrease in hardness, 
faster dissolution of nanosilver, and a small increase in the critical load and friction force of tested 
coatings. 

The best process deposition parameters for the tested composite chitosan–nanosilver coating, 
the nanotubular oxide layer, and the Ti13Zr13Nb alloy as a substrate, used as an electrolyte 1 g/L of 
high-weight chitosan with a degree of deacetylation > 75%, 0.05 g/L of nanosilver with an average 
particle size of about 30 nm, and 1 ml/L of Tween 20 (polysorbate 20) solution in 1% aqueous acetic 
acid; EPD voltage 10 V and time 1 min at room temperature. 
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