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The presented work was focused on the use of Ti6Al4V alloy with nanostructured surface and deposited silver 

nanoparticles as a material with antibacterial surface. Thanks to the electrochemically formed nanotubular oxide 

structure, a large area was available for silver deposition. Silver was photo-reduced from the silver nitrate solution. 

The ultrasonic treatment allowed the penetration of a silver source electrolyte into the whole depth of the tubes. 

Transmission electron microscopy images confirmed the presence of silver nanoparticles with size from units of 

nanometers up to 15 nm. Nanosilver was present throughout the length of the nanotubes. Samples with photo-

reduced silver will be able to provide antibacterial activity not only in critical hours after implantation but also in 

the longer term due to the subsequent release of silver from the volume of nanotubes. The prolonged antibacterial 

effect has been demonstrated against Staphylococcus aureus.  
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 Introduction  

Titanium and its alloys are widely used materials in 
orthopedics and dentistry. In 1954, well known Ti6Al4V 
alloy was introduced and during following years, it has 
become the first choice material [1,2]. To enhance the bi-
oactivity of its surface, electrochemical oxidation can be 
used. One of the possibilities is anodic oxidation. Many 
studies have been focused on developing and optimizing 
the formation of self-organized nanotubes onto titanium 
containing alloys [3-6]. This structure can be used as a 
substrate for anchoring antimicrobial agents [7]. Foreign 
material implanted in the patient body is a preferential 
area for bacterial adhesion. Consequently, bacterial con-
tamination may be a serious problem that may result in 
implant failure [8-10]. Therefore, it seems effective to an-
chor antibacterial agents directly onto the surface of the 
biomaterial [11]. One of the possible bactericides could 
be silver which inhibits broad range of microorganisms. 
But the bacterial resistance against it is rarely reported 
[12,13]. Many possible procedures of silver or other anti-
bacterial agents deposition are known from the literature. 
In Bosseti’s research, silver was anchored using IBAD 
technique (Ion Beam Assisted Deposition). This tech-
nique allowed the creation of gradual transition between 
the substrate material and the deposited silver film. The 
depth of silver penetration into the substrate surface rea-
ched 150 nm [14]. Another possibility is the use of PVD 
(Physical Vapour Deposition) technique [15]. Alternati-
vely, the application of layers to the substrate by the sol-
gel method was also applied [16]. The most of methods 
mentioned above allow the anchoring of silver only on 
the surface of the material.  For the deeper penetration of 
silver and possible longer-term antimicrobial effect, tita-
nium was anodized in the electrolyte with the broad scale 
of AgNO3 concentrations. The results showed that highly 
ordered nanopores on titanium surface can be easily fab-
ricated. Silver nanoparticles were  embedded in TiO2 sub-
strates [17]. 

TiO2 layer on the titanium based alloys is also promi-
sing due to its semiconductive photo-reductive properties 
[18,19]. After the exposure to UV light, the material had 
also excellent antimicrobial properties [7]. 

In the Esfandiari research, created nanostructures on 
titanium foils were immersed in various concentrations of 
AgNO3 solution for 15 minutes and consequently irradi-
ated by UV for next 15 minutes. Photocatalysis caused by 
UV irradiation resulted in the reduction of Ag+ to Ag0. 
Silver particles were analyzed and their size varied from 
12 to 40 nm. The amount of deposited silver nanoparticles 
and their sizes decreased with decreasing the silver nitrate 
concentrations. Massive deposition processed at 1.5M 
AgNO3 resulted in formation of large agglomerates and a 
thin layer of nanoparticles densely covered the nanotube 
arrays [20].  

The aim of this work was to prepare an antibacterial 
surface with prolongated efficiency. It could be achieved 
by filling the nanotubes with silver in the whole volume. 
There must be also developed a proper method of sample 
preparation for TEM which can verify that nanotubes are 
filled, and which enabled to evaluate the amount of silver 
nanoparticles by EDS. Finally, the antibacterial activity 
will be determinate in different time periods after the ex-
posure in physiological solution. 

 Experiment 

Discs like samples Ø 15 mm of Ti6Al4V ELI (TiAlV) 
were ground up to P2500 emery paper. These samples 
were cleaned in the ultrasonic bath in demineralized 
(demi) water, ethanol and acetone. Anodic oxidation was 
managed by Jaissle Potentiostat-Galvanostat IMP 88 PC-
200V with the control unit PGU-AUTO Extern. Nano-
structures (NS) creation was carried out in 1 mol/l 
(NH4)2SO4 containing 0.2 wt. % NH4F electrolyte. The 
procedure consisted of a potential sweep of 100 mV/s to 
a potential 20 V against silver/silver chloride electrode (3 
mol/l KCl) followed by a 2200 s delay at this potential. 
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Samples were cleaned again after the procedure (sonica-
tion in demi-water, ethanol and acetone). 

To fill the TiAlV NS with silver, the samples were so-
nicated in a 0.1 mol/l AgNO3 solution for 20 minutes. 
Next step was UV irradiation, which was carried out by a 
Philips 50 W germicide lamp, λ = 253 nm, 10 minutes, 
with the 15 cm distance from the sample. The samples 
were then rinsed gently with demi-water and ethanol.  

The surface morphology of NS samples was characte-
rized by scanning electron microscope (SEM) TESCAN 
VEGA 3 LMU with EDS analyzer Oxford Instruments X-
max. The diameter of nanotubes was measured based on 
image analysis using ImageJ programme. Final EDS re-
sults were the average of the values found from 3 diffe-
rent sites on each sample, from the area 2 mm2. Images of 
a single nanotube were taken on transmission electron 
microscopy (TEM) EFTEM Jeol 2200 FS with EDS 
analyzer Oxford Instruments, using the same static appro-
ach from the area 160 µm2.  

The antimicrobial tests were carried out with as-pre-
pared surfaces and with pre-exposed samples. Samples 
after nanostructuring and silver photo-reduction 
(NSAg0h) were exposed for 12, 24 and 48 hours in a 
cuvette with 20 ml of physiological saline solution (9 g/l 
NaCl, 37°C). After the exposure, samples were cleaned 
in the demi-water in the ultrasonic bath for 3 minutes. 
Thus, three types of samples NSAg12h, NSAg24h, 
NSAg48h were prepared. This set of samples was 
prepared to estimate the time dependency of antibacterial 
effect. The ground sample (P2500) of TiAlV alloy was 
used as negative control, where no inhibition was expec-
ted and all modifications were compared with this 
sample. Pure silver (Ag 4N) was used as positive control 
and the maximum inhibition was expected. Determina-
tion of antibacterial activity was repeated four times for 
each tested sample. New samples were used for each me-
asurement. 

Indicator strains of Staphylococcus aureus ATCC 
6538 were cultivated in Brain Heart Infusion (BHI) broth 
(HiMedia, India) adjusted to pH 7.0. Cultivation medium 
was inoculated with 1 % (v/v) inoculum and cultivated 
aerobically at 37 °C for 18 h. A fresh culture of S. aureus 
was diluted with a physiological solution to initial con-
centration 105 CFU/ml. Subsequently, 100 µl of suspen-
sion was dosed on the surface of tested samples and cul-
tivated for 5 h at 20 °C, aerobically. After the cultivation, 
samples with bacterial suspension were washed in the 
exactly defined amount of physiological solution and 
diluted tenfold. Appropriate dilution of 0.1 ml suspension 
was spread on the surface of Baird-Parker agar. Petri 
dishes were cultivated at 37 °C for 48 h, aerobically. The 
number of microorganisms present in the sample was de-
termined as a weighted average of consecutive dilutions 
(CSN EN ISO 7218, 2008). Antimicrobial efficiency was 
evaluated as a ratio of the number of microorganisms in 
the control sample (Nc) (negative control) minus the 
number of microorganisms in the tested sample (NA) di-
vided by Nc.  

 Results and discussion 

The electrochemical oxidation under the conditions 

mentioned above resulted in the creation of nanotubes. 
TiAlV alloy microstructure consists of two phases, α and 
β. Beta areas contain a higher amount of vanadium which 
is less corrosion resistant to a fluoride-containing 
electrolyte. Therefore, many cavities after β phases 
occurred on the nanostructured surface. The inner diame-
ter of nanotubes ranged from 16 to 48 nm (Fig. 2), the size 
between 28 - 36 nm was the most frequent. The length of 
the nanotubes was up to 1 µm.  

 

Fig. 1 Nanostructed TiAlV surface 

 

Fig. 2 Histogram of nanotube diameters 
 
The ultrasonic treatment of samples in AgNO3 solu-

tion resulted in filling the whole volume of the nano-
structure by the silver source. UV irradiation allowed the 
photochemical reduction of silver nitrate and the creation 
of silver nanoparticles. Acquired SEM images (Fig. 3) did 
not show significant changes in comparison with the 
morphology of the nanostructured surface (Fig. 1). Howe-
ver, the EDS analyses detected the silver presence in con-
centration 1.15 ± 0.25 wt. %, which confirms that silver 
was present in and on the surface, probably in the form of 
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nanoparticle. 

 
Fig. 3 Nanostructured surface after photo-reduction 

 
Fig. 4a Nanotube mouth of NSAg0h 

 
To verify this assumption the scratched nanotubes 

were transferred in isopropyl alcohol suspension onto thy 
lacy carbon grid. After the evaporation of alcohol, indivi-
dual tubes were observed by TEM. The photochemical 
method by which the silver was created in the tubes led 
to the formation of a large number of nanoparticles (Fig. 
4a). They had different sizes and were present along the 
whole lengths, also at the bottom (Fig. 4b) of the tubes. 
Silver nanoparticles were very fine, their size was in the 
units of nanometres up to 15 nm (Fig. 4c). TEM-EDS ana-
lysis was performed on individual nanotubes, separated 
on a grid. There was detected 5.7 ± 1.7 wt. % of silver. 

 
Fig. 4b Nanotube bottom of NSAg0h 

 
Fig. 4c Varied sizes of silver nanoparticles inside the 

nanotube 

 
Fig. 5 Separated nanotubes after 48 hours of exposure 

in PS, without silver nanoparticles 
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The data from SEM-EDS analysis (Tab. 1) before and 
after exposure in PS were acquired from discs samples. 
During the first 24 hours of exposition, only a part of sil-
ver was released. The part of silver nanoparticles was 
available on the surface and the other main portion was 
inside the nanotubes. Silver has not been released from 
the volume of nanotubes until 24 hours of exposure. Sil-
ver dissolution was covered by the surface sources during 
this period, which is confirmed by a small decrease in sil-
ver content. Nanoparticles were still present inside the na-
notubes and available for antibacterial activity. Silver na-
noparticles were released from nanotubes reservoirs ma-
inly in the period from 24 to 48 hours. It was also confir-
med by the TEM image obtained on samples NSAg48h. 
Nanotubes were empty without silver nanoparticles (Fig. 
5).  

Tab. 1 SEM-EDS results before and after exposure in PS 
sample wt. % Ag 

NSAg0h 1.15 ± 0.25 
NSAg12h 1.15 ± 0.12 
NSAg24h 0.95 ± 0.30 
NSAg48h 0.08 ± 0.09 

 
For the antimicrobial activity testing, S. aureus was 

used because this species is present in most cases of bac-
terial contamination associated with medical devices. 
Samples filled with nanosilver indicated very good anti-
bacterial activity at all (Fig. 6). Ground TiAlV sample 
was a positive control having no antibacterial activity. 
The pure silver sample was used as a negative control, 
maximal inhibition was expected. Unexposed samples 
with the highest silver content attained almost 100% an-
timicrobial efficiency. As it is obvious, NSAg0h exhibi-
ted higher antimicrobial activity than control sample. Sil-
ver sample has completed the preparation process consis-
ted of grinding followed by the exposure to the air before 
antibacterial testing itself. Thus, its surface condition was 
different from that on NSAg0h, which has moreover quite 
large area. There was an evident chemical effect on the 
control sample, which likely caused the precipitation of 
the blocking layer, resulting in different antibacterial 
effects compared to NSAg0h. The main reason was pro-
bably in the important difference of surface area. Thus, 
silver nanoparticles acted easily than the pure silver.  

Behaviour of samples after 12 and 24 hours of expo-
sure in PS was comparable with a negative control. In this 
first phase of the exposure, silver was released from the 
surface. The amount of silver nanoparticles in nanotubes 
was probably not influenced during this step.  

Even after 48 hours, the samples exhibited inhibitory 
effects on the tested bacterial strain. The efficacy was ap-
proximately 50% lower than that of the samples with the 
highest tested silver content, but still achieved the inhi-
bition of 55 % of the pathogens. Between 24th and 48th 
hour of exposure, the mechanism of silver release from 
the volume of nanotubes was obvious as it is documented 
by the apparent decrease of silver concentration, see 
SEM-EDS data (Tab. 1).  

To sum up briefly, antibacterial activity of exposed 
specimens declined. This is consistent with the decrease 
in silver concentration (Tab. 1). Antibacterial activity was 

confirmed in the case of all tested samples. 

 

Fig. 6 Graph summarizing the results of antibacterial 
activity test against S. aureus bacteria 

 Conclusion 

The nanostructured surface of the Ti6Al4V alloy was 
successfully prepared. The silver nanoparticles were de-
posited by the combination of the ultrasonication and 
photo-reduction. Chosen method allowed the transport of 
a solution containing silver ions into the entire volume of 
nanotubes. The subsequent photo-reduction led to the for-
mation of silver nanoparticles within nanotubes. The pre-
sence of silver nanoparticles was confirmed by transmis-
sion electron microscopy. Modified surfaces showed a 
high antibacterial activity against S. aureus. Antibacterial 
efficiency decreased with exposure time; however, it was 
still at the 50% level after 48 hours. The combination of 
the nanostructure and silver nanoparticles seems to be a 
useful surface treatment for medical applications. 
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