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A B S T R A C T

The aim of the work was to develop innovative antibacterial hybrid coatings applied on implants that are used
for anastomoses of animals' long bones and to assess their physicochemical and biological properties. Plates
made of the titanium alloy were covered with composite hybrid layers so as to protect the implant surface
against corrosion and to enhance it with antibacterial properties.The hybrid coatings were obtained electro-
chemical oxidation and sol-gel. First, a layer of titanium nanotubes was applied to the implants surface through
anodization. Next, the sol-gel method was used to create the second layer with silver nanoparticles. The mi-
crostructure examination of the materials was performed with the SEM. The phase composition analysis was
carried out via the X-ray diffraction. The surface parameters (roughness, contact angle and free surface energy)
were assessed. Biological studies of implants were conducted, including the analysis of degradation processes,
cell response and bactericidal activity. The results confirmed that the hybrid antibacterial layers effectively
protected the implant surface against scratches and corrosion and eliminated bacteria, which in turn would
promote bone healing. The advantageous physicochemical and biological properties of metallic implants with
hybrid composite layers raise hopes for their applicability in the veterinary treatment of bone fractures.

1. Introduction

The development of medicine and implantology makes prostheses
and implants a popular solution to treat not only humans but also an-
imals. Nowadays, it is a common view point that animals require
medical help and treatment just as people do, particularly as numerous
fractures of limbs result from the inappropriate diet, genetic defects or
vehicular accidents.

The aim of any fracture treatment is to fully restore the limb func-
tionality as quickly as possible. The stable realignment of bones and the
full restoration of the joint motionare necessary for the complete limb
functionality. Osteosynthesis attempts to achieve this goal in a

minimally invasive fashion, using implants for internal or external
fixation [1]. It is becoming more and more popular to adapt internal
fixation techniques used for humans to treat animals as well. There are
well-known implants used in veterinary medicine, such as: Steinmann
pins, Kirschner wires, Rush pins, Kuntscher nails, bone wires, locking
plates and external fixators [2]. The fracture treatment depends mainly
on the type of injury and the animal age [3].Open fractures,where the
risk of infection is high, are treated in a manner different from closed
fractures. Veterinary devices and implants for osteosynthesis come in
various shapes, e.g. nails, wires, screws and plates. Screws and plates
are applied to treat diaphyseal and comminuted fractures of long bones,
including fractures into joints. There is also a variety of implants
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materials, such as metal and metal alloys (stainless steel, titanium, ti-
tanium alloys), ceramics or biodegradable and nondegradable poly-
mers. The choice of implant material depends on the anatomical loca-
tion and expected functions of the device [4]. In general, metals possess
the best mechanical properties - they are strong, stiff and ductile.
Therefore, metal implants are highly recommended for animals whose
activeness results in high load transfer through bones. Titanium-based
metals are widely used for load-bearing orthopedic applications, thanks
to their excellent mechanical properties and good biocompatibility
[5,6]. Unfortunately, there are common cases of infections caused
mainly by Staphylococcus aureus and Escherichia coli bacteria that lead to
the implant failures. In order to prevent infections it seems essential to
endow metallic implants with antibacterial properties [7,8]. Recent
studies have proven that surface modifications are an effective strategy
to achieve this goal [9–11]. Another popular biomaterial used for in-
ternal fixation devices is stainless steel that has been used for decadesas
an implantable material [12] thanks to its advantageous combination of
mechanical properties, corrosion resistance and cost effectiveness, in
comparison to other metallic implant materials.

The majority of internal fixation surgeries properly restore func-
tionality of the fractured bones. The successful fracture treatment
consists in: selecting an appropriate implant, immobilizing the fracture
site, preserving blood supply and eliminating the risk of infection. Open
fractures are much more prone to infections that might lead to the
implant removal and re-operation. One of the main challenges for the
implant design is to improve the bone-to-implant connection.
Osteointegeration, which is the direct connection of bone and implant,
involves chemical bonding as well as micro- and macro-level mechan-
ical interlocking of the bone tissue with the implant surface. Chemical
and morphological modifications of the implant outer surface might
enhance the connection strength and reduce the healing time. So far,
bioactive ceramics, e.g. hydroxyapatite, tricalcium phosphate and bio-
glasses, have been used as coatings on the implant surface. Such coat-
ings improve the bone-implant connection through chemical bonding.
The surface morphology of implants can be modified with external
threads, undercuts and layers of wires on the macrolevel and by in-
creasing the surface roughness in the microscale [13]. Obtaining the
antibacterial function of implants is even more important than their
bioactivity. The degree of bone infection is influenced by the type and
virulence of the micro-organisms present at the bone damage site.
Sometimes the infection can be subdued with antibiotics, yet severe
cases of inflammation do occur, which might lead to bone necrosis [14].
Therefore, the antibacterial effectiveness against bacteria, such as
Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli,
is an important issue. What is more, it is necessary to develop new
methods of dealing with chronic infections due to the increasing anti-
microbial resistance. The antibacterial characteristics of implants can
be enhanced through mechanical, physical, chemical and biochemical
surface modifications. Recently the electrochemical anodization has
been recognized as a cost-effective, versatile and simple method of the
surface modification that provides medical implants with highly or-
dered nanotubular titanium oxide (TiO2) layers [15,16]. Such layers
facilitate osteointegration through more efficient bone cell adhesion,
differentiation, ALP activity, bone matrix deposition, apatite deposition
rates [17], and hemocompatibility of Ti and Ti-based materials
[18–20].

Hybrid antimicrobial nanolayers prepared through the sol-gel
method ensure the local release of silver, copper and zinc cations on the
surface endowed with high bactericidal activity. The conventional sol-
gel methods for obtaining tightly adhering oxide nanolayers require
relatively high temperatures (around 500 °C) and thus they are pro-
blematic for medical institutions. On the other hand, organic-inorganic
hybrid nanolayers based on 3-(trialkoxysilyl) propylmethacrylate and
glicydoxy-propyl-trialkoxysilane, titanium izopropoxide/zirconium
izopropoxide formed with interconnected polymer 3D silica networks
(partially substituted by titanium atoms instead of silicon atoms) and

polymethyl methacrylate networks containing silver, copper and zinc
cations (ionically bonded to silica) prepared by the sol-gel method are
very promising for medical applications [21,22]. Nanolayers without
bonded heavy metal cations can be potentially applied for other pur-
poses as well, e.g. as organic immobilization agents (drugs, enzymes
etc.) or as inert or conversely active interlayers in biomedical applica-
tions [23].

Properly designed materials might offer various post-surgical reac-
tions. Taking into consideration requirements established for implants,
an ideal material should be biocompatible and resistant to corrosion. It
should also be endowed with certain biological and mechanical prop-
erties confirmed by thorough examinations.

To summarize, modern implants should not only facilitate the tissue
regeneration and accelerate the implant-bone integration but also
prevent inflammation caused by microorganisms. The materials surface
modifications, e.g. addition of bioactive, biostatic and bactericidal
agents may help to achieve this goal. The aim of this work was to de-
velop antibacterial composite hybrid layers of medical devices used for
osteosynthesis of animal bone fractures. The proposed layers were to
protect implants against scratches and microbial corrosion, and to im-
prove cell adhesion by means of bactericidal modifications.

In this work we applied composite hybrid layers in a processes of
anodization and sol-gel on the veterinary implants and performed the
complex evaluation of their physicochemical and biological properties.
To study the microstructure and chemical composition of layers we
engaged the scanning electron microscopy equipped with energy dis-
persive spectrometer and X-Ray diffraction. We also used the AFM,
profilometry and the sessile drop method to investigate the surface
properties.The biological properties in the in vitro environment were
evalueated in order to prove antibacterial efficacy against Gram-posi-
tive and Gram- negative bacteria and cell viability of human osteo-
blastic and keratinocytes cells. Such parameters as cells adhesion,
proliferation, percentage of live, early apoptotic, late apoptotic and
dead human osteoblastic cells were investigated. To evaluate the layers
stability in the in vitro conditions the ICP-MS spectrometric analysis
was performed. We checked the concentration of metal ions in the
culture media and distilled water.

2. Results and discussion

According to the examination results, the surface microstructure of
the implants on theTi-6Al-4V titanium alloy matrix coated with the
TiO2 nanotubes layer and the hAg hybrid coating with bactericidal
properties is smooth, with only small scratches resulting from the sur-
face treatment process (Fig. 1A). Basing on the EDX chemical analysis,
the percentage chemical composition of the TiAlV alloy was determined
at the point marked in the photo as follows: titanium 85%, aluminum
7% and vanadium 8%. In Fig. 1B, the TiO2 nanotubes layer obtained
through the anodization is visible. The observations have revealed that
the nanotubes layer is continuous and it covers the implants surface
evenly. The layer thickness is in the range of 550-600 nm. The manu-
factured nano structures are morphologically homogeneous and their
diameters range from 50 nm to 60 nm. The EDX analysis confirmed the
TiO2 presence on the implants surface, which was also revealed in the
XRD studies. The chemical composition determined at the point was:
titanium 72%, aluminum 5%, vanadium 6% and oxygen 17%. The SEM
observations conducted for the TiAlV/TiO2/hAg plate (Fig. 1C) have
confirmed that the hybrid layer completely covers the TiO2 nanotubes
layer. The layer is continuous and on its surface there are evenly dis-
tributed silver nanoparticles resulting from the thermochemical re-
duction process (particle size is 20-35 nm on average). The EDX ana-
lysis also confirmed the presence of silver in the outer hybrid coating.
The chemical composition at the point is: titanium 44%, aluminum 3%,
vanadium 3%, oxygen 21%, silver 20%, carbon 5% and silicon 4%.

The microstructural analysis of the implants proved the perfect
coverage of the elements obtained via the electrochemical oxidation
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Fig. 1. SEM images and EDX spectra of titanium alloy (TiAlV), TiO2 nanotubes layer on titanium alloy (TiAlV/TiO2), and sol-gel layer with silver nanoparticles on
TiO2 nanotubes layer (TiAlV/TiO2/hAg).
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and the sol-gel methods, even in the case of such complex shapes as
bone anastomosis plates. The literature data confirm that the TiO2 na-
notubes layer promotes bone cells functionality in vitro and bone-im-
plant osseointegration in vivo [24,25]. Moreover, due to the hollow-
core structure, the titanium oxide nanotubes are known to be a drug
loading and delivery platform for bactericidal elements, e.g. silver,
which provides a relatively long-term antibacterial activity and the
good tissue-implant integration [26].

To characterize the topography of metallic materials with applied
layers, the surface roughness measurements of the samples were taken
with the contact profilometer. The obtained values of Ra and Rq
parameters are presented in Fig. 2A–B. The Ra parameter (determining
the arithmetic mean profile deviations from the mean) for both the Ti-
6Al-4V titanium alloy and the same material with the TiO2 nanotube
layer do not exceed 0.08 μm and 0.10 μm, respectively. These results
prove that the tested materials have a smooth surface. However, the
average Ra value (approx. 0.23 μm) increased almost three times for the
TiAlV/TiO2/hAg samples, as compared to the initial sample. The Rq
parameter (the mean square deviation of the roughness profile) is
analogous to the Ra parameter. For the TiAlV and TiAlV/TiO2 samples,
the average Rq values are similar and do not exceed 0.10 μm and
0.13 μm, respectively. The average Rq value increased almost three
times for the sample with two layers produced on the Ti-6Al-4V tita-
nium alloy in comparison to the unmodified sample coating.

The silver nanoparticles aggregates present at the points where the
profilometer needle touched the TiAlV/TiO2/hAg material might ex-
plain the roughness increase of its surface layer.

The atomic force microscopy method was used to determine the
surface nanotopography of the metallic implants and the ones modified
with hybrid layers. The slight differences in profile heights seen in the
photo for the TiAlV sample were the result of a technological process.
The average arithmetic mean roughness (Ra) for the first tested sample
was 4.4 nm.

The analysis of the TiO2 nanotubes samples revealed that the na-
nostructures on the surface of the Ti-6Al-4V alloy resulted in much
higher roughness values of the outer surface. The average Ra value for
the TiAlV/TiO2 sample increased almost four times in comparison to
the TiAlV material and equalled 16.7 nm. The uneven areas are asso-
ciated with the nanostructure surface and the presence of holes
throughout the entire scanned area. The large depressions resulted in
the significantly different Ra and Rq values which are shown in
Fig. 2C–D.

In the pictures (Fig. 3) there are no traces of scratches created
during the implants production, which means that the TiO2 nanotubes
layer covered all scratches and discontinuities of the Ti-6Al-4V titanium
alloy.

The substrate roughness of the TiAlV/TiO2/hAg sample is definitely
lower than of the TiAlV/TiO2 sample and it has a much smaller value
spread. The bigger differences in the Ra and Rq parameters result from
few high elevations that may result from the silver nanoparticle ag-
glomerates formed close to the sample surface. In addition, in the
TiAlV/TiO2/hAg sample the antibacterial coating completely covers the
previous layer, which proves the successful layering process obtained
via the sol-gel method.

Fig. 2. Surface roughness parameters; Ra (A) and Rq (B) of investigated samples measured with contact profilometer; Ra (C) and Rq (D) of investigated samples
measured with AFM. Statistically significant differences (p<0.05) are indicated by asterisks.
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Considering the applicability of the hybrid materials as medical
implants, the increased roughness value may cause both positive and
negative phenomena at the implant-tissue interface. The advantage will
be the enhanced bone-implant osseointegration. On one hand, micro-
topography establishes a strong long-lasting connection between the
implant surface and peri-implant bone, leading to the stable mechanical
fixation of the implant [27]. On the other hand, nanotopography can
promote the attachment of bone cells by enhancing protein adsorption

and increasing the contact area with protein and cells. Furthermore,
surface nanostructures promote proliferation and differentiation of os-
teoblastic and mesenchymal cell, ensuring the proper implant-tissue
interface. However, there is a risk that the rough surface will attract not
only the beneficial osteogenic cells promoting the bone regeneration
process, but also microorganisms forming a biofilm which causes in-
flammation at the implantation site [28]. Still, the introduction of silver
nanoparticles would prevent bacterial activity, which was confirmed in

Fig. 3. AFM microscope images of the surface layer of TiAlV (A), TiAlV/TiO2 (B) and TiAlV/TiO2/hAg (C) samples.
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the tests. The modification of nano- and microscale roughness also in-
fluences other physicochemical properties, e.g. the higher the rough-
ness, the higher the local surface electrostatic charge density and ad-
hesion energy [29].

The contact angle studies have revealed that the samples from ti-
tanium-based alloys have a hydrophilic surface, i.e. they are well
wetted by distilled water. The average contact angle values for the
TiAlV samples do not exceed 68° and coincide with the literature data
[30]. The modification of the substrate with the TiO2 nanotubes layer
via anodization (TiAlV/TiO2) contributed to the change of the surface
character from hydrophilic to hydrophobic, which is confirmed by the
obtained contact angle values in the range from 100 to 108°. The sol-gel
coating is characterized by significantly lower contact angle values as
compared to the values obtained for the sample covered only with the
TiO2 nanotubes layer. The range of θ angle values for the TiAlV/TiO2/
hAg sample is 88–92°. The collective summary of the average contact
angle values with a standard deviation is shown in Fig. 4A.

Our results confirmed that the titanium oxide nanotubes formed on
the surface of the Ti-6Al-4V titanium alloy facilitate the development of
the surface layer at the nanoscale when compared to the sample
without coatings. This phenomenon is proved by the contact angle in-
crease by almost 40° and the change in the substrate wettability from
hydrophilic to hydrophobic. The second layer providing bactericidal
properties for the implants is characterized by a smaller contact angle
value than the substrate with the TiO2 nanotubes layer, yet it is larger
than the contact angle of the unmodified TiAlV alloy. The contact angle
may increase due to significantly higher microscale surface roughness
for the TiAlV/TiO2/hAg sample. It is well known that the changes in
both nano- and microtopography influence surface wettability.
However, another crucial factor affecting wettability is the chemical
composition of the surface. In the hybrid layer of the TiAlV/TiO2/hAg
sample there are non-polar methyl groups (-CH3) which may cause an
increase in hydrophobicity, as compared to the pure titanium alloy. In
turn, the contact angle of the material coated with TiO2 nanotubes most
likely decreases due to the surface development. The lower the contact
angle of materials, the higher the free surface energy. This relationship
is confirmed by the total free energy tested for the TiAlV sample
(Fig. 4B) which has the highest value of all the tested materials (40mN/
m ± 4). For the TiAlV/TiO2 and TiAlV/TiO2/hAg samples, the total
surface energy values decreased by 7mN/m ± 4 and 8mN/m ± 4,
respectively, when compared to the Ti-6Al-4V titanium alloy sample.
The analysis of the surface energy components (polar and dispersion)
showed that for the TiAlV/TiO2 sample, the total surface energy equals
the dispersion component and the value of the polar component is
0mN/m ± 4. Also for the TiAlV/TiO2/hAg sample the dispersion
component value exceeds the polar one. The polar component may be

associated with the hybrid layer of OH groups most likely connected to
Si (Si-OH) which is present on the surface. In addition, the polar
component might be affected by the Ag nanoparticles layer. The polar
component of the multilayer system correlates with the slightly lower
contact angle of the antibacterial layer in comparison with the nano-
tubes layer. On the other hand, in the case of the unmodified sample the
differences between the dispersion and polar components are sig-
nificantly smaller - 27mN/m ± 4 and 13mN/m ± 4, respectively.

The surface phase composition analysis of all the samples (TiAlV,
TiAlV/TiO2, TiAlV/TiO2/hAg) was performed via the X-ray diffraction
and the results are shown in Fig. 5. The diffractogram indicates the
characteristic peaks originating from the titanium alloy with aluminum
and the titanium alloy with vanadium. Titanium is the main component
of the Ti-6Al-4V alloy, so the intensity of the peaks originating from the
dominant phase is the highest. The TiAlV sample revealed no peaks
derived from TiO2, which might result from the presence of the nano-
tubes layer on the titanium alloy substrate. After the anodization pro-
cess, no peaks from the TiV phase (peak around 39° and 57°) are ob-
served and an additional peak of approximately 58° appears on both
diffractograms. The SEM microscope images of the TiAlV/TiO2 samples
with the visible TiO2 nanostructures layer also confirm the successful
anodization process.

The phase composition of the plate coated with TiO2 nanotubes and

Fig. 4. Static water contact angle (A) and surface free energy (B) of the materials. Statistically significant differences (p<0.05) are indicated by asterisks.

Fig. 5. X-ray diffraction pattern showing the phase composition of the surface
layer of the TiAlV, TiAlV/TiO2 and TiAlV/TiO2/hAg samples.
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the hybrid antibacterial coating revealed the peaks from the titanium
alloy and a distinct small and sharp peak at about 37.5° derived from
silver. Therefore, the analysis of the phase composition of the TiAlV/
TiO2/hAg material confirms the presence of silver nanoparticles in the
external hybrid coating produced by the sol-gel method.

The influence of the tested alloys on cell viability was assessed
during their incubation with two selected cell lines. Fig. 6 shows the
survival of MG-63 and HaCaT cell lines after two and five days of the
culture. The viability is expressed as a percentage of live cells adhered
to the surface of a polystyrene culture plate (a control) in relation to the
number of live cells on the unmodified alloy (TiAlV) and the modified
alloys ((TiAlV)/TiO2 and TiAlV/TiO2/hAg).

The conducted experiment did not show the cytotoxic effect of the
modified TiAlV/TiO2 and TiAlV/TiO2/hAg alloys. The cells viability
results prove that the TiAlV/TiO2/hAg sample has the lowest cyto-
toxicity towards the MG-63 cell line after two days of culture, yet the
results were not statistically significant. For this material the average
percentage of dead cells do not exceed 1% after 2 days of culture and
8% after 5 days. In contrast, the highest cytotoxicity was demonstrated
by the sample with TiO2 nanotubes applied on the titanium alloy sub-
strate, still the percentage of dead cells did not exceed 16% and 22% for
2-day and 5-day cultures, respectively. In addition, a slight increase in
cytotoxicity was observed after prolonged cell cultures of the MG-63
line.

Similarly, the TiAlV/TiO2/hAg material showed the lowest cyto-
toxicity towards the HaCaT keratinocyte cells. The average percentage
of live cells in direct contact with the material was over 98% after both
2 and 5 days of culture. The TiAlV/TiO2 sample displayed the highest
cytotoxicity to HaCaT cell lines after 2 and 5 days of culture, as was the
case with the MG-63 cell line. Nevertheless, the average dead cell va-
lues for TiAlV/TiO2 did not exceed 10% and 3% after 2 and 5 days of
culture, respectively. The comparative analysis of the cell viability of
human keratinocyte HaCaT cells after 2 and 5 days of culture revealed
the decrease in cytotoxicity in direct contact with each of the tested
samples along with the culture duration.

The cell viability of both the MG-63 and HaCaT lines prove that the
TiAlV, TiAlV/TiO2 and TiAlV/TiO2/hAg samples do not show sig-
nificant cytotoxic activity towards the cells tested. The obtained results
prove that the prepared materials comply with the applied bio-
compatibility standards and can be successfully used for the veterinary
treatment of long bone fractures. The viability of human osteoblastic
cells (MG-63 line) was examined after direct contact with the tested
TiAlV, TiAlV/TiO2 and TiAlV/TiO2/hAg samples to confirm the lack of
cytotoxicity. The collected results are presented in Table 1 and Fig. 7A.

The analysis of the results obtained via the flow cytometry showed
that the largest number of live cells (91%) was observed on the surface
of the titanium alloy modified with two layers. For the TiAlV and
TiAlV/TiO2 samples, the percentage of live cells differed slightly. For
the unmodified titanium alloy material, it was 82.68%, while for the
titanium alloy material with TiO2 nanotubes - 83.35%. Our in vitro
experiment confirmed the lack of significant cytotoxicity of the alloys.

The images obtained from the fluorescence microscope revealed
that human osteoblastic cells of the MG-63 line retained proper mor-
phology and were evenly deposited on the substrate of TiAlV, TiAlV/
TiO2 and TiAlV/TiO2/hAg materials (Fig. 7B). It was also noticed that
the largest number of cells adhered to the outer layer containing silver
nanoparticles. This phenomenon may indicate that the presence of
antibacterial nanoparticles in the sol-gel layer does not affect the proper
proliferation of human bone cells. Our results are consistent with other
literature reports showing the positive effect of silver nanoparticles on
the process of osteoblast adhesion and proliferation as well as faster
regeneration of the muscle tissue [31,32]. This behavior results from
the significant influence of the surface roughness on the cells adhesion.
The rougher the surface is, the more willingly the cells adhere to it. It
has also been proved that osteoblasts multiply much faster on substrates
with different profile levels, unlike fibroblasts which prefer smooth
surfaces [33].

The study also analyzed the growth of human osteoblastic cells of
the MG-63 line on the TiAlV, TiAlV/TiO2 and TiAlV/TiO2/hAg samples
using the scanning electron microscope (Fig. 7C). The pictures show
regularly arranged osteoblasts on each of the surfaces. By far, the lar-
gest cells deposit was visible on the sample with two layers – a layer
with TiO2 nanotubes and a hybrid coating with antibacterial properties.
In this case, osteoblasts colonized virtually the entire surface of the
TiAlV/TiO2/hAg material. Importantly, the 1000× magnification
showed the areas where the cells grew in layers. In the case of the TiAlV
material, osteoblasts inhabited the sample in homogeneously, which
indicates their weaker adhesion to the surface layer. This phenomenon
may result from the surface topography characteristics, since in the
contact profilometer tests the TiAlV material had the smoothest surface
of the three types of samples. According to literature reports, osteo-
blasts are more likely to adhere to rough substrates with differences in
profile levels [34,35]. Therefore, the surface modified with the TiO2
nanotubes layer produced by electrochemical oxidation promotes cell
adhesion. Osteoblasts inhabit most of the area, in comparison with the
Ti-6Al-4V titanium alloy substrate, due to the higher development of
the surface layer.

The ICP-MS spectrometric analysis was performed to check the

Fig. 6. Cell viability of human osteoblastic cells of the MG-63 (A) line and human keratinocytes of the HaCaT (B) line in direct contact with TiAlV, TiAlV/TiO2 and
TiAlV/TiO2/hAg samples after two and five days of culture. The results are presented as mean values± standard deviation. There were no statistically significant
differences.
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concentration of metal ions in the culture media collected after 48 and
120 h of culture and in the solutions collected after 7, 14 and 28 days of
the TiAlV, TiAlV/TiO2 and TiAlV/TiO2/hAg samples incubation in
deionized water. The obtained values of the concentrations of the
analyzed ions in the tested fluids are presented in Table 2.

The obtained data have proved that the applied layers limit the
release of titanium, vanadium and aluminum ions into the solution. The
presence of silicon ions in the fluid is associated with the chemical
composition of the synthesis precursors (TEOS and TMSPM) used
during the layer production via the sol-gel method. The ICP-MS analysis
confirmed that the coatings obtained through both anodization and sol-
gel methods do not show significant cytotoxicity. Moreover, they con-
stitute a barrier to the elements contained in the Ti-6Al-4V implant
which could cause cytotoxic reactions if released into the surrounding
tissue. As shown by recent studies [36], the vanadium concentration
may contribute to the formation of allergic reactions at the biomaterial
implantation site. In our work, the vanadium concentration amounted
to less than 0.001 ppm after 7, 14 and 28 days of the samples incubation
in deionized water.

The antimicrobial activity of silver nanoparticles depends mainly on
the amount of released ions. Ag+ ions are released when they come
into contact with the aquatic environment [37]. Ziabka et al. [32,38] in
her earlier proved that the Ag+ release depended on the immersion
time, increasing as a function of time, yet the highest increase was
observed during the first month of the sample incubation.

For the TiAlV/TiO2/hAg sample, the ICP-MS analysis showed that
the release of silver ions depended primarily on the incubation time in
deionized water. The Ag+ ions concentration increases as a function of
time, although the largest increase occurred at the first stage of the
experiment - after 7 days of the sample incubation. Although the con-
tent of silver ions in the tested solution is insignificant, not exceeding
8.0 ppm, it is sufficient for a satisfactory bactericidal effect. The eval-
uated antibacterial activity of the TiAlV/TiO2/hAg sample against the
standard bacterial strains: Escherichia coli and Staphylococcus aureus
confirmed this effect. The conducted assessment showed the complete
inhibition of the bacteria growth (Table 3). On the other hand, the tests
did not show bactericidal effectiveness for the Ti-6Al-4V titanium alloy
material and for the samples coated with the TiO2 nanotubes layer. The
obtained results confirmed the effective bactericidal effect only of the
hybrid coating containing silver nanoparticles which are necessary to
eliminate Gram-negative and Gram-positive bacteria. The obtained re-
sults stay in line with the previous literature reports [39,40].

Due to the effective activity against fungus and bacteria, the novel
materials enriched with noble metal ions, such as silver, cobalt or
copper, offer a promising prospect for the development of medical
devices. Today a range of products chemically active against micro-
organisms is limited to medical bandages and sportswear to avoid in-
fections and odors [41]. The sol-gel technology allows one to produce
hybrid materials enhanced with different components, such as in-
organic salts or organic additives. Therefore, it is possible to develop
functional materials for different purposes [42]. In our previous work
we proved that the proper concentration of silver may act as a bac-
tericidal agent without cytotoxic effect [38] and the nanotubular
structure may increase the cells viability [43].

3. Conclusions

In this work we developed the medical implants intended for long
bone anastomoses in animals and evaluated their physicochemical and
biological properties. The composite plates made of the Ti-6Al-4V ti-
tanium alloy were covered with two layers. The inner layer of TiO2
titanium dioxide nanotubes was obtained via the electrochemical oxi-
dation, while the external hybrid coating with bactericidal properties
was prepared using the sol-gel method. A set of examinations was
performed to assess the surface properties, microstructural analysis and
phase composition, as well as biological properties of the implants.
Based on the conducted research, it was found that the TiO2 nanotube
layer on the Ti-6Al-4V titanium alloy increased the surface develop-
ment. The substrate changed its nature from hydrophilic to hydro-
phobic, thus protecting the implants against corrosion and scratches.
The silver nanoparticles dispersed in the outer coating increased the
surface roughness. The biological studies proved that human bone cells
were more prone to adhesion and proliferation on the surfaces with
differentiated profile levels. The cytotoxicity tests consisted in the di-
rect in vitro contact of the TiAlV alloy and its modifications with the
two human cell lines: the osteoblast-like MG-63 and the keratinocyte
HaCaT. The observations after 72 h showed no significant changes in
the cell morphology and viability in the case of all the samples. The
microstructural tests confirmed that the electrochemical oxidation and
the sol-gel methods were effective ways to produce layers on elements
of complex shapes, such as bone anastomosis plates. The ICP-MS re-
search revealed that the coatings prevented the penetration of dis-
advantageous elements, e.g. vanadium, from the sample substrate into
the surrounding environment. It was also proved that the hybrid layers
were biocompatible and did not show cytotoxic activity. Therefore, it
can be presumed that the tested materials will be characterized by good
biocompatibility in vivo. Moreover, the silver nanoparticles from the
outer layer of the implant exhibit antibacterial activity of Gram-nega-
tive (Escherichia coli) and Gram-positive (Staphylococcus aureus) bac-
teria, which is a beneficial phenomenon in the bone tissue treatment.

4. Materials and methods

4.1. Material manufacturing

Sterile metallic implants (straight compression plates for 2.0 system,
14 hole) for osteosynthesis of long bones in animals made of the TiAlV
alloy were manufactured by Medgal (Księżno, Poland) and delivered by
the “Pulawska” veterinary clinic (Warsaw, Poland). Antibacterial hy-
brid coatings were applied to their surface by two methods: the elec-
trochemical oxidation (anodization) and the sol-gel method. Prior to
the anodization process, the plates were degresed with an ultrasonic
washer, the implants were rinsed in acetone, isopropanol and then in
distilled water. Each rinse cycle lasted 10min. Then the plates were
allowed to air dry. The TiO2 nanotubes were obtained in a two-elec-
trode system where the titanium alloy plate played the role of an anode,
while the platinum electrode (the platinum plate coated with platinum
black) was the cathode. The anodization process lasted for 2 h at the
30 V voltage in an electrolyte consisting of a glycerin solution with the

Table 1
Flow cytometry results of percentage of live, early apoptotic, late apoptotic and dead human osteoblastic cells of the MG-63 line after a 4-day incubation with the
tested materials.

MG-63 cell line (96 h) Live Annexin V (−)
7-AAD (−)

Early apoptotic Annexin V
(+)
7-AAD (−)

Late apoptotic Annexin V (+)
7-AAD (+)

Necrotic Annexin V (−)
7-AAD (+)

S/S0/%

Control (untreated cells) 86.96 10.15 2.56 0.33 100
TiAlV 82.68 13.06 3.64 0.61 95.1
TiAlV/TiO2 83.35 12.78 3.28 0.59 95.8
TiAlV/TiO2/hAg 91.53 5.71 1.37 1.39 105.2
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addition of 23% distilled water and 0.25% ammonium fluoride, ac-
cording to the method described in papers of Kusior et al. and Radecka
et al. [44,45]. The samples with the applied layer were cleaned in an
ultrasonic scrubber and annealed in argon flow to increase the crys-
tallinity of the produced coating.

The second layer was an organic-inorganic silicate coating modified
with silver compounds. The coating solution was prepared via
the sol-gel method, using the following TEOS precursors: (te-
trethylorthosilicate, Si (OC2H5) 4) 40mol% - TMSPM (3-
(Trimethoxysilyl) propyl methacrylate, H2C=C (CH3) CO2 (CH2) 3Si

Fig. 7. Cytogram showing the percentage of live, early apoptotic, late apoptotic and dead human osteoblastic cells of the MG-63 line after a 4-day incubation with the
tested materials (A); Optical microscope images (B) and SEM (C) micrographs of human osteoblastic cells of the MG-63 line after a 4-day incubation with the tested
materials.
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(OCH3) 3) 50mol% - TIP (titanium (IV) isopropoxideTi (OC3H7) 4)
5mol% - AgNO3 5mol%. First, silver nitrate was dissolved in propanol
serving as a solvent. The solution mixed for 30min in a magnetic
stirrer. Next, TEOS, TMSPM and TIP were successively added to the
solution. Having introduced each of the reagents, the solution was
stirred for another 20min. The aqueous solution of HNO3 nitric acid
was used as a reaction catalyst. The volume ratio of all the components
to the propanol solvent was 1: 8. Prior to layering, the solution aging
time was 24 h and the viscosity equaled 6 cP. The obtained sol was
stored in a sealed container, with no access to UV and VIS radiation in
order to limit Ag+ reduction. The plates were washed with propyl
alcohol. The layers were applied by immersion and then the plates were
drying in ambient conditions for 24 h. Then, the applied layers under-
went the thermal curing process at 80 °C for 10min and 130 °C for
15min.

The following nomenclature was adopted to standardize the names
of the samples in this work (Table 4). The bone anastomosis plates

which were covered with the antibacterial hybrid coatings are shown in
Fig. 8.

4.2. Material evaluation, scanning electron microscopy

The detailed microstructure examination of the materials was car-
ried out by means of the Nova NanoSEM 200 scanning electron mi-
croscope (FEI, Eindhoven, The Netherlands) with the Genesis XM X-ray
microanalysis system (EDAX, Tilburg, The Netherlands) featuring the
EDAX Sapphire Si(Li) EDX detector. The observations and measure-
ments took place in low vacuum conditions, using Helix detector (SE)
with the accelerated voltage of 10–18 kV.

4.3. Roughness

The arithmetical mean roughness (Ra) and the root mean square
roughness (Rq) of investigated materials were evaluated by means of
the contact profilometer HOMMEL-ETAMIC T1000 wave (Jenoptik AG,
Jena, Germany). The arithmetical mean roughness values were an
average of 10 measurements expressed as the mean ± standard de-
viation (SD).

4.4. Atomic force microscopy

The topography imaging was performed using MultiMode VIII
(Bruker, Karlsruhe, Germany) atomic force microscope working in the
contact mode in air. The silicon nitride tips with 2 nm nominal radius
and cantilevers with 0.175 N/m nominal spring constant were used.
The arithmetical mean roughness (Ra) and root mean square roughness
(Rq) were calculated from ten 2 μm×2 μm areas.

4.5. Surface wettability

The static water contact angle was used to assess the surface wett-
ability via the sessile drop method with the automatic drop shape
analysis system DSA 10 Mk2 (Kruss GmbH, Hamburg, Germany). The
constant temperature and humidity conditions were maintained
throughout the tests while the UHQ-water droplets of 0.25 μL were
applied on each pure and dry sample. We calculated the apparent
contact angle as an average of 30 measurements and expressed it as the
mean ± standard deviation (SD).

4.6. Free surface energy

The free surface energy was determined by testing the contact an-
gles of two measuring liquids - ultra pure distilled water (UHQ PURE
Lab, Vivendi Water) and diiodomethane. The measurements were car-
ried out on the DSA 10 Mk2 optical apparatus (Kruss GmbH, Hamburg,
Germany) at room temperature. The test pattern was identical to the
contact angle test. The obtained photos of drops of two measuring li-
quids established the free surface energy based on the values of the
dispersion and polar components. The value is the arithmetic average
obtained from 30 measurements. The results are presented with stan-
dard deviations (SD).

Table 2
ICP-MS analysis of the culture media after 48 h and 120 h incubation of sam-
ples, the solutions after 7, 14 and 28 days of samples incubation in deionized
water.

MG-63 cell line Metal ions content [ppm]

Al Si Ti V Ag

48 h
Control (untreated cells) 0.002 0.317 < 0.002 0.007 <0.001
TiAlV <0.001 0.342 < 0.002 0.008 <0.001
TiAlV/TiO2 <0.001 0.318 < 0.002 0.009 < 0.001
TiAlV/TiO2/hAg <0.001 0.779 < 0.002 0.009 < 0.001

120 h
Control (untreated cells) < 0.001 0.288 < 0.002 0.008 < 0.001
TiAlV <0.001 0.367 < 0.002 0.010 < 0.001
TiAlV/TiO2 <0.001 0.403 < 0.002 0.012 < 0.001
TiAlV/TiO2/hAg <0.001 0.654 < 0.002 0.011 < 0.001

UHQ 7 days
TiAlV <0.001 <0.001 <0.002 <0.001 <0.002
TiAlV/TiO2 <0.001 <0.001 <0.002 <0.001 <0.002
TiAlV/TiO2/hAg <0.001 <0.001 <0.002 <0.001 5.137

UHQ 14 days
TiAlV 0.008 0.014 < 0.002 <0.001 0.008
TiAlV/TiO2 0.002 0.006 < 0.002 <0.001 0.012
TiAlV/TiO2/hAg 0.013 0.319 < 0.002 <0.001 8.284

UHQ 28 days
TiAlV 0.023 0.039 < 0.002 <0.001 <0.002
TiAlV/TiO2 0.011 0.014 < 0.002 <0.001 <0.002
TiAlV/TiO2/hAg 0.040 2.508 0.005 < 0.001 8.716

Table 3
Bactericidal effect of the TiAlV, TiAlV/TiO2and TiAlV/TiO2/hAg samples.

Bacteria type Escherichia coli ATTC
25922

Staphylococcus aureus ATTC
25923

Material Colony forming unit/1mL
Control 9×104 5×104

TiAlV 1.5× 104 1.7× 104

TiAlV/TiO2 1.1× 105 1.1× 104

TiAlV/TiO2/hAg 0 0

Table 4
Samples nomenclature.

Sample characteristic Sample nomenclature

Titanium alloy Ti-6Al-4V TiAlV
Titanium alloy Ti-6Al-4V with TiO2 nanotube layer TiAlV/TiO2
Titanium alloy Ti-6Al-4V with TiO2 nanotube layer and

hybrid layer containing silver nanoparticles AgNPs
TiAlV/TiO2/hAg

Fig. 8. Plates made of titanium alloy (Ti-6Al-4V) for osteosynthesis in animals.
From the top: TiAlV plate, TiAlV/TiO2 plate and TiAlV/TiO2/hAg plate.
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4.7. XRD X-ray diffractometry

The phase composition of the materials was determined using the
PANalytical X-ray diffractometer, Empyrean model. The measurements
were taken using the monochrome radiation with the wavelength cor-
responding to the emission line (Cu Kα1). The diffractograms were
recorded in the 2θ angle range=5–90°, and the goniometer step was
0.008°. The qualitative analysis of the phase composition was made
using the X'PertHighScore Plus computer program developed by
PANalytical.

4.8. Cell cultures

The human osteoblast-like MG-63 cell line (ATCC: CRL-1427™) and
the human keratinocyte HaCaT cell line (CSL Cell Lines Service GmbH)
were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Corning)
with phenol red, supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and with 1% streptomycin/penicillin. The cells were in-
cubated at 37 °C in the humidified atmosphere containing 5% CO2. The
cells were cultured to the confluence of the culture plate and the pas-
sages were performed at least twice a week, using the solution con-
taining 0.05% trypsin and 0.5mM EDTA. All the media and other in-
gredients were purchased from ALAB (Warsaw, Poland).

4.9. Cytotoxic study in vitro

The cytotoxicity was examined according to the ISO 10993-5 norm
“Biological evaluation of medical devices – Test for cytotoxicity: in vitro
methods” [46]. The TiAlV, TiAlV/TiO2, and TiAlV/TiO2/hAg alloys
were tested in vitro as the rectangular/quadrate/round samples
(width / length / height− 3.5×7.9×2.0mm). Prior to the treatment,
the alloys were sterilized using the steam sterilizer (NÜVE) for 20min
at 132 °C. It was proved that the sterilization process did not change the
structure/morphology of the resulting coatings (data shown in the
supplementary file, Fig. S1). The alloys were placed in the appropriate
polystyrene culture plates (NEST) and the cell suspension was poured
over the surface of the tested samples. The plates were incubated in the
dark in the standard cell conditions (37 °C, 5% CO2) for a designed
period of time.

The cytotoxic activity of TiAlV, TiAlV/TiO2, and TiAlV/TiO2/hAg
towards the MG-63 and HaCaT cell lines was examined using the
Alamar Blue assay after direct contact treatment. The cell viability was
evaluated according to the modified protocol provided by the manu-
facturer (Alamar Blue™ Cell Viability Assay, Thermo SCIENTIFIC). In
brief, the 2× 104/2mL cells per well, seeded in a 12-well flat bottom
microtiter plate, were incubated with the tested alloys for 48, 72 and
96 h. Every 24 h the cells were washed three times with the phosphate-
buffered saline (PBS: NaCl, KCl, Na2HPO4, KH2PO4, pH=7.4) and the
fresh medium was applied. In each case, the post-incubation medium
was collected and the ICP-MS analysis was carried out to determine the
concentration of the released metal ions (vide infra). To assess the cell
viability at each time point of the experiment the cells were washed
with PBS and incubated with the resazurin sodium salt solution (25mM
in PBS) for 3 h in the dark at 37 °C. The fluorescence caused by the
cellular metabolic activity was measured at 605 nm (excitation wave-
length 560 nm) with the multimode microplate reader (Infinite 200M
PRO NanoQuant, Tecan, Männedorf, Switzerland). The cytotoxicity was
expressed as the percentage of viable cells after the treatment with the
tested alloys in reference to the untreated cells (the control). The ex-
periment was repeated at least three times and the determined values of
surviving fraction (S/So, %) are expressed as the mean+ S.D.
(Standard Deviation).

4.10. Cell viability assessed by flow cytometry

The cell viability after the treatment with studied alloys was

assessed by means of the flow cytometry. The Annexin V Apoptosis
Detection Kit FITC (Invitrogen) and the eBioscience™ 7-AAD Viability
Staining Solution (ThermoFischer SCIENTIFIC) were used to quantita-
tively detect apoptotic and necrotic cells, respectively. The 2× 105/
2mL MG-63 and HaCat cells were incubated with the TiAlV, TiAlV/
TiO2, and TiAlV/TiO2/hAg samples in 6-well plates for 96 h in the
standard culture conditions. Every 24 h the medium was exchanged for
the new one. After 96 h, the cells were washed twice with the PBS
buffer and trypsinized. Then, the cells were collected and centrifuged.
The cells separated from the supernatant were washed twice with the
0.5 mL PBS buffer and suspended in the Binding Buffer. Fifteen minutes
before the measuring procedure, the cells were stained with the
Annexin V-FITC and 7-AAD while incubated in the dark. The viable and
dead (early apoptotic, late apoptotic, and necrotic) cells were detected
and counted with the application of Guava® easyCyte™, Germany. The
experiment was repeated two times.

4.11. Microscopic visualization

The cells morphology during the treatment with the studied alloys
was monitored using the fluorescence inverted microscope (Olympus
IX51, Tokio, Japan). The photographs of the cells during the treatment
in the transmitted light mode were taken under the 20× magnification.

4.12. Analysis of cell growth by SEM

To conduct the SEM analysis, the cells with the tested materials
were incubated for 96 h in the standard conditions (37 °C, 5% CO2).
Then, the plates were washed carefully with PBS, fixed overnight in the
4% glutaraldehyde solution at 4 °C and dehydrated in graded alcohol
ranging from 10% to 100% ethanol for 10min each. The samples were
examined with the scanning electron microscope Nova NanoSem 200
(FEI Company, Eindhoven, the Netherlands) using the low vacuum
detector (LVD) at the 5 kV accelerating voltage at various magnifica-
tions.

4.13. Release of metal ions analyzed by ICP-MS

The TiAlV, TiAlV/TiO2 and TiAlV/TiO2/hAg implants were in-
cubated in tightly closed, sterile polypropylene containers placed in
30mL of ultrahigh quality deionized water (diUHQ) at 37 °C ± 1 °C for
one month. The sample weight to incubation medium ratio equaled
1 g:10mL, which complied with the ISO 10993-15:2019 standard “Part
15: Identification and quantification of degradation products from
metals and alloys” [47]. The examinations were performed after 7, 14
and 28 days of incubation.

The in vitro release of metal ions was studied by means of the
Inductively Coupled Plasma Mass Spectrometry (ICP-MS), using the
ICP-MS Perkin-Elmer Plasma 6100 spectrometer. Prior to the tests, the
filtered samples were acidified with nitric acid up to the final con-
centration of 0.1mol/L in order to prohibit the silver ions (Ag+) re-
duction into metallic silver. The silver concentration values were de-
termined using the ICP-MS at m/z 107, applying the external standard
calibration procedure. After each experiment, the cell culture medium
was collected after 48 and 120 h and analyzed in terms of the Ti, V, Si
Al, and Ag ions content.

4.14. In vitro bactericidal efficacy tests

The TiAlV, TiAlV/TiO2 and TiAlV/TiO2/hAg samples (4 of each
group) were tested to establish the bactericidal efficacy, using the
modified method according to the ASTM E 2180–07 norm “Standard
Test Method for Determining the Activity of Incorporated Antimicrobial
Agent(s) In Polymeric or Hydrophobic Materials” [48]. The only al-
teration was introduced to match the norm to the metallic samples size.
Each sample was tested according to the following procedure. First, the
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bacterial suspensions (1.5 ∗ 105 CFU/mL) [CFU – colony forming unit – a
measure of viable bacterial cells] were prepared for Staphylococcus
aureus ATCC 19660 and Escherichia coli ATTC 25922. Next, the solution
consisting of 0.3% agar solution and 0.85% NaCl (soft-top agar) solu-
tion was prepared. Then 1mL of bacterial suspension (separately for
each bacterial species) was added to 100mL of soft-top agar. The three
manufactured samples were incubated in DMEM (ATCC, USA) con-
taining 10% FBS (HyClone, USA) for 7 days and then placed in 6-well
cell culture plates (wells of 3.5 cm in diameter). One type of bacteria
was applied into one well. The samples did not come in any physical
contact in the course of the experiment. 50 μL of the soft-top agar
bacterial suspension was placed on the samples that were incubated for
24 h at 37 °C. After 24 h, the polymer samples were transferred to 5mL-
test tubes containing 2mL of BHI broth (Brain Heart Infusion). The test
tubes were treated with ultrasounds for 1min at room temperature and
vortexed (0.5 h) to transfer bacteria to the medium. At the next stage
400 μL of the BHI-bacteria suspension was mixed with 600 μL of
straight BHI. Subsequently, 100 μL was planted on the BHI agar
medium composition and incubated for 24 h at 37 °C. After the in-
cubation the bacteria colonies were counted.

4.15. Statistical analysis

The results were analyzed using one-way analysis of variance
(ANOVA) with Duncan post-hoc tests, which were performed with
Statistica 13.1 software (TIBCO Software Inc., Palo Alto, California,
USA). The results were considered statistically significant when
p<0.05.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2020.110968.
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