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Abstract: Mechanical alloying and annealing at 1150 °C for 2 h under an argon atmosphere were used to prepare Ti—45S5 bioglass
nanocomposites. Ti—45S5 bioglass material was chemically modified by silver. The antibacterial activity of Ti—10% 45S5 bioglass
nanocomposite containing silver against Streptococcus mutans and Staphylococcus aureus was studied. Nanocomposites were
characterized by X-ray diffraction, scanning electron microscopy equipped with an electron energy dispersive spectrometer and
transmission electron microscopy to evaluate phase composition, crystal structure and grain size. In vitro bacterial adhesion study
indicated a significantly reduced number of Streptococcus mutans and Staphylococcus aureus on the bulk nanostructured Ti—45S5
bioglass—Ag plate surface in comparison to that on microcrystalline Ti plate surface. Nanostructured Ti-based biomaterials can be
considered to be the future generation of dental implants.

Key words: 45S5 bioglass; antimicrobial activity; silver; titanium; dental implant; Streptococcus mutans; Staphylococcus aureus

1 Introduction

Nanostructured materials have the potential to be
used in dentistry for infection control and the
management of the oral biofilm [1]. These nanomaterials
include solid nanoparticles of metal or metal oxides, and
nanocomposites [2,3]. Titanium and its alloys are
preferred materials in the production of medical
implants [2,4—6]. Much attention is paid to enhance the
strength characteristics of Ti-based alloys in order to
avoid potential biotoxicity of alloying elements [7,8].

Improvement of the physicochemical and
mechanical performance of Ti-based implant materials
can be achieved by microstructure control [1,2,6,9—-11].
Recent studies have shown clearly that titanium
nanostructures  considerably  improve  both  the
mechanical properties and the biocompatibility [2].

The nanocomposite materials containing titanium and
bioceramic (hydroxyapatite (HA, Ca;o(PO4)s(OH),),
4585 bioglass or silica (Si0,) as a reinforced phase are
promising alternatives to conventional microcrystalline
materials [10,11-15]. For example, Ti-based nano-
composites reinforced with 10%—-20% 45S5 bioglass
particles were fabricated by the mechanical alloying
(MA) and powder metallurgy technique [14].

Our results of in vitro studies showed that these
bionanocomposites had excellent biocompatibility and
could integrate with bone. Furthermore, the addition of
45S5 bioglass to titanium has a positive effect on the
corrosion resistance of titanium in Ringer’s solution [14].
The Vickers microhardness for Ti—10% 45S5 bioglass
nanocomposites reaches HV, 620, which is higher than
that of pure microcrystalline Ti metal (HV,, 225). This
effect is directly connected with structure refinement
and obtaining of nanostructure. Additionally, the
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nanostructured Ti—10% 45S5 bioglass composites
possess higher fracture toughness (Kjc=1.75 MPa'm"?)
compared with 45S5 bioglass (Kic=0.6 MPa'm'?) [16]).

Moreover, the structure, corrosion and biological
properties of  porous titanium—45S5  bioglass
nanocomposite scaffolds were studied [17,18]. The
materials have low density and a structure composed of
an interconnected network of pores. The porous Ti—
10% 45S5 bioglass nanocomposite scaffolds have porous
architecture, with macropores of 400—800 um and
micropores of some tens of micrometers. The results of
the in vitro biocompatibility test suggest that Ti—
10%45S5 bioglass nanocomposite scaffolds display
better biocompatibility compared with microcrystalline
titanium and the normal human osteoblast (NHOst) cells
grew on the surface and inside the pores and showed
good spreading.

The antibacterial properties of silver have been
exploited in medicine for infection control [19]. Silver
particles showed strong bactericidal potential against
both Gram-positive and Gram-negative bacteria.
Recently, the vacuum plasma spraying technique has
been successfully used to apply silver-containing HA
coating material to a titanium alloy generating a
compound material with antibacterial properties [20]. In
vitro bacterial biofilm inhibition study indicated a
significantly inhibited biofilms formation of S. aureus
and P. aeruginosa strains on HA/Ag coating compared
with HA coating alone. The Ag' partially substitutes
calcium and enters the structure of hydroxyapatite [21].

The aim of this study was to assess the antibacterial
activity of Ti—10% 45S5 bioglass nanocomposite
containing silver against Streptococcus mutans and
Staphylococcus aureus. Silver particles may release ions
by dissolution. Yet, to the authors knowledge, there are
no published articles regarding the in vitro antibacterial
properties of nanostructured Ti-based composites with
4585 bioglass against S. mutans. S. mutans is frequently
identified within the oral cavity and is associated with
dental caries, oral infections and periodontal disease. On
the other hand, S. aureus has long been recognized as
one of the most important bacteria that cause diseases in
humans and serious infections such as bloodstream
infections, pneumonia, bone and joint infections.
Conducted research evaluated the influence of chemical
composition of Ti-based nanocomposite on the biofilm
formation. Based on our previous results, 10% 45S5
bioglass in titanium is the best choice for further
investigation [14].

2 Experimental

2.1 Sample preparation
The present work contains results of research

carried out for bulk Ti—10% 45S5 bioglass and Ti—
10% 45S5 bioglass—1.5% Ag nanocomposites. For
purpose of brevity, in this study, materials are denoted as
follows: Ti—10% 45S5 bioglass is labeled as Ti—45S5
bioglass and Ti—10% 45S5 bioglass—1.5% Ag is labeled
as Ti—45S5 bioglass—Ag.

The starting materials used were titanium (<45 pm,
99.5%, Alfa Aesar), 45S5 bioglass (44.8% SiO,, 24.9%
NaO, 24.5% CaO, 5.8% P,0s with powder size of
53 um, MO-SCI Health Care LLC) and silver (4—7 pm,
99.9%, Alfa Aesar). Elemental powders were weighed,
blended and poured into vials in glove box (Labmaster
130) filled with automatically controlled argon
atmosphere (0,<2x10°° and H,0<1x10°°). MA was
performed under argon atmosphere using SPEX 8000
Mixer Mill. After 15 h of MA, the amorphous powders
were uniaxially pressed (8 mm in diameter and 3 mm in
height) at a compacting pressure of 800 MPa. Finally, the
green compacts were heat-treated at 1150 °C for 2 h
under an argon atmosphere (99.999% purity) to form
ordered phases. The discs of the synthesized samples as
well as microcrystalline Ti (grade 2) polished with 1200
SiC paper in water and ultrasonically rinsed with acetone
were used for all tests.

2.2 Material characterization

The phase constitution of Ti-based nanocomposites
was analyzed by X-ray diffraction with Cu K, radiation.
The crystallite sizes (L) were estimated by the Scherrer
method according to the following equation:

K2

B@o)= Lcoséd

(M

where peak width B is inversely proportional to
crystallite size L, K is a dimensionless shape factor with
a value close to unity. The shape factor has a typical
value of about 0.9, but varies with the actual shape of the
crystallite. A is the X-ray wavelength; B is the line
broadening at half the maximum intensity (FWHM);
after subtracting the instrumental line broadening, in
radians; and @ is the Bragg angle.

Scanning electron microscope (SEM) with energy
dispersive spectrometer (EDS) was used to characterize
the microstructure and chemical composition of the
prepared samples. The TEM images and selected area
electron diffraction (SAED) patterns were recorded with
a Philips CM 20 Super Twin microscope, which provides
0.24 nm resolution at an acceleration voltage of 200 kV.

2.3 Assessment of biofilm formation inhibition
2.3.1 Streptococcus mutans

The strain of S. mutans, obtained from the American
Type Culture Collection (ATCC 27351), was assessed in
this study. Liquid bacterium culture in 5 mL of Tryptic
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Soy Broth (TSB) was incubated overnight at (36+1) °C.
The resulting log phase culture had a concentration of
~10*CFU/mL  (colony-forming  unit/mL). The
experimental samples were placed in three 12-well plates
followed by the addition of 4.5 mL TSB and 0.5 mL of
the bacterial suspension. Titrate plates were incubated at
(36£1) °C with shaking at 200 r/min, for 4 h or 20 h.

Two methods, qualitative SEM and quantitative
dilution method were used to assess bacterium adherence
to different experimental material surfaces. In the two
qualitative assessments of three plates, one after 4 h and
the second after 20 h of incubation, were gently rinsed
three times with phosphate buffered saline (PBS) in
order to eliminate the non-adherent bacterium cells and
prepared before SEM. The research material was fixated
in 2.5% glutaralaldehyde in phosphate buffer. Then, it
was dehydrated at a temperature of 50 °C in a
concentration range of ethanol from 25% to 100%. After
disc drying, the samples were sprayed with gold in a
sputter ionization process. At the end of the experiment,
samples in a SEM were observed and then images were
taken. In the quantitative assessment, the third plate, at
the end of the 20 h incubation period was gently rinsed
three times with PBS in order to ecliminate the
non-adherent bacteria. Then, the samples were put into
individually new plates containing 5 mL PBS each, and
samples were vortexed for 60 s to release the adherent
microorganisms. The viable cells in the buffer were
quantified by serial dilutions on Columbia agar with 5%
blood plates. Columbia agar plates were incubated at
(36%1) °C, and the CFU was counted. The quantitative
experiments were repeated three times. The statistical
significance was defined as p<0.05.

2.3.2 Staphylococcus aureus

Cultures of S. aureus (ATCC 6538) were obtained
from commercial sources (American Type Culture
Collection), and an aliquot was inoculated into 5 mL
TSB overnight. The resulting log-culture had a
concentration of ~10° CFU/mL. The experimental
samples were placed in 5 mL sterilized tubes followed by
the addition of 0.5 mL bacterial suspension to TSB. The
tubes were incubated at 37 °C with shaking at 200 r/min
for 3 h. At the end of the incubation period, the samples
were gently rinsed three times with PBS in order to
eliminate the non-adherent bacteria. Then, the samples
were put into individually new tubes containing 5 mL
PBS each, and then subjected to sonication at a
frequency of 20 kHz (Bandelin Sonoplus) for 5 min,
followed by additional vortexing for 60 s to remove the
adhering micro-organisms. The viable organisms in the
buffer were quantified by plating serial dilutions on
Typtic Soy agar (TSA) plates. TSA plates were incubated
at 37 °C, and the colony-forming units were counted
visually. Additionally, qualitative SEM was used to

assess bacterium adhered to different experimental
material surfaces.

3 Results

In the present work, bulk Ti—45S5 bioglass and
Ti—45S5 bioglass—Ag nanocomposites were produced by
MA and powder metallurgy process. The influence of
microstructure and chemical composition of Ti-based
nanocomposite on the biofilm formation was evaluated.

3.1 Structure properties

Ti—45S5 bioglass and Ti—45S5 bioglass—Ag
nanocomposites were synthesized. Figures 1(a)—(c) show
the XRD patterns of the starting microcrystalline
titanium (ICDD: 5-682), amorphous 45S5 bioglass and
Ag (ICDD: 4-783) powders. During MA process, the
titanium, 45S5 bioglass and Ag particles are periodically
trapped between colliding balls and are plastically
deformed. The intensity of diffraction lines of titanium
decreases with milling time (not shown), and after 15 h
of milling, titanium transforms to an amorphous phase
with trace content of nanocrystalline Ti (101) (Fig. 1(d)).
According to the Scherrer method of XRD profile, the
mean crystallite size of this nanocrystal is about 9 nm.

e— ¢-Ti

5 ‘g
25 30 35 40 45 50 55
20(°)

Fig. 1 XRD patterns of Ti, 45S5 bioglass and silver powders
mechanically alloyed for different time: (a) Ti, 0 h; (b) 45S5
bioglass, 0 h; (c) Ag, 0 h; (d) 15 h of MA; (e) Bulk Ti—45S5
bioglass—Ag nanocomposite after annealing at 1150 °C for 2 h

The formation of the bulk Ti—45S5 bioglass and
Ti—45S5 bioglass—Ag nanocomposites was achieved by
annealing of the amorphous materials in high purity
argon atmosphere at 1150 °C for 2 h. SEM image of the
Ti—45S5 bioglass—Ag nanocomposite with porosity of
8% is shown in Fig. 2. The sample exhibited wide
cavities, 3—-9pum in diameter. XRD analysis of
Ti—bioglass—Ag showed the presence of a-Ti type
structure with cell parameters a=2.963 A, c=4.756 A
(Fig. 1(e)). When silver is added to Ti—10% 45S5
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bioglass, the lattice constants of Ti—45S5 bioglass
composite decrease (Table 1). Silver has lower atomic
diameter in comparison with titanium. The thermal
treatment of 45S5 bioglass at 800 °C results in the
development of calcium phosphate crystals with a
structure similar to hydroxyapatite [22]. Additionally,
formation of Na,Ca,Si3;0y (ICDD:22—-1455) as the main
phase and Na,CaSi;Og (55S4.1) as the secondary minor
phase was observed at above 600 °C [23,24].

5 et At .
Fig. 2 SEM image of studied Ti—45S5 bioglass—Ag

nanocomposite

Table 1 Structural parameters and grain sizes of studied bulk
Ti—45S5 bioglass and Ti—45S5 bioglass—Ag nanocomposites in

comparison to microcrystalline titanium
Sample alhA A VIA* djum
Ti—45S5 bioglass

2970 4.759 3635 0.013
Ti—458S5 bioglass—Ag 2963 4.756 36.16 0.009
Ti (microcrystalline, grade 2) 2.948 4.784 36.01 45

The results of EDS analysis of the surface of
sintered Ti—45S5 bioglass—Ag nanocomposite are shown
in Fig. 3. It can be confirmed that synthesized composite
mainly consists of titanium matrix with elements of Ag,
O, Si, Ca, Na and P. Microstructure and possible local
ordering in the Ti—45S5 bioglass—Ag samples were
studied by TEM. The sample milled for 15 h was mostly
amorphous as appeared from a high resolution image
(Fig. 4(a)). SAED pattern (see inset in Fig. 4(a)) contains
broad rings at positions expected for Ti with hexagonal
structure. There are, however, additional weak, diffuse
rings, most probably from TiO,. It has been found that
the amorphous alloy was unstable upon exposure to
electron beam and underwent some crystallization.
Microstructure of sample annealed at 1150 °C for 2 h is
shown in Fig. 4(b). Analysis of high resolution image
revealed the presence of well developed crystallites with
broad range of sizes from 4 nm up to more than 30 nm.
SAED pattern obtained from large area (200 pum) (see
inset in Fig. 4(b)) contains sharp rings corresponding to
Ti.

Ti
Element  w/%
Ti 88.82
(6] 4.43
Si 2.92
Ag 1.52
P 0.93
Na 0.88
Ca 0.50 Ti
. Si Ca
Ti 0 Na AP Ag /

0 1 2 3 4 5 6
E/keV

Fig. 3 EDS npattern of bulk Ti—45S5 bioglass—Ag
nanocomposite (analyzed point is indicated in corresponding
SEM image (Fig. 2))

Fig. 4 TEM images and electron diffraction patterns of MA
Ti—45S5 bioglass—Ag sample milled for 15 h (a) and annealed
at 1150 °C for 2 h (b)

3.2 Assessment of biofilm formation inhibition
3.2.1 Qualitative assessment

The results of SEM qualitative assessment of tested
microcrystalline Ti and two bulk Ti—45S5 bioglass,
Ti—45S5 bioglass—Ag nanocomposites are presented in
Figs. 5 and 6. These figures show evolution of inhibition
of biofilm formation after 20 h of incubation. In the early
stage of the biofilm formation (4 h), microcolonies of S.
mutans and S. aureus were in contact one to each other in
the secreted extracellular polymeric substance (EPS),
irreversibly  attached to the tested Ti-based
nanocomposites (not shown).
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Fig. 5 SEM images showing inhibition of biofilm formation
(S. mutans) after 20 h: (a) Microcrystalline titanium; (b) Bulk
Ti—45S5 bioglass; (c) Bulk Ti—45S5 bioglass—Ag

Figures 7 and 8 show the results of viable bacteria
adhered to the different experimental material surfaces
when exposed to S. mutans and S. aureus. Bacterial
adhesion was significantly reduced on the surface of
Ti—45S5 bioglass—Ag nanocomposite when compared
with the microcrystalline titanium. The Ti—45S5
bioglass—Ag nanocomposites were observed to have
significantly lower adhesion of S. mutans and  S. aureus,
suggesting that the Ti—45S5 bioglass—Ag nano-
composites were antibacterial. It is important to note that
the Ti—45S5 bioglass composite cannot exhibit
antibacterial activity against S. aureus.

3.2.2 In vitro antibacterial test

Figure 9 shows the results of viable cells of S.
mutans and S. aureus adhered to different experimental
Ti-based nanocomposite surfaces. Bacterial biofilm

Fig. 6 SEM images showing inhibition of biofilm formation
(S. aureus) after 20 h: (a) Microcrystalline titanium; (b) Bulk
Ti—45S5 bioglass; (c) Bulk Ti—45S5 bioglass—Ag

(b)

(@) g L@

Fig. 7 Representative macroscopic photos of viable adherent
S. mutans on different experimental material surfaces:
(a) Microcrystalline titanium; (b) Bulk Ti—45S5 bioglass
nanocomposite; (c) Bulk Ti—45S5 bioglass—Ag nanocomposite
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Fig. 8 Representative macroscopic photos of viable adherent
S. aureus on different experimental material surfaces:
(a) Microcrystalline titanium; (b) Bulk Ti—45S5 bioglass
nanocomposite; (c) Bulk Ti—45S5 bioglass—Ag nanocomposite
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Fig. 9 Statistical results of viable adherent S.mutans (a) and
S. aureus (b) on different experimental material surfaces (A—
Microcrystalline titanium; B—Bulk Ti—45S5 bioglass nano-
composite; C—Bulk Ti—45S5 bioglass—Ag nanocomposite)

adhesion was significantly reduced on bulk Ti—45S5
bioglass—Ag nanocomposite when compared with
control microcrystalline Ti sample. The Ti—45S5
bioglass—Ag nanocomposite was observed to have
significantly lower adhesion level (P<0.05) of S. mutans
and S. aureus, suggesting that this bionanocomposite has
inhibited biofilm formation.

4 Discussion

Nanostructuring of titanium and Ti alloys opens
new possibilities for improving the long-term
performance of dental implants [9,25]. Nanocrystalline
metals due to extremely small grain sizes enhance
physico-chemical, mechanical and biological properties
compared with the corresponding materials with
microcrystalline grain size. In the MA powders high
plastic deformation is generated, resulting in high density
of dislocation lines and subsequently subgrain formation,
which finally lead to amorphisation [26]. The milled
powder is then heat-treated to obtain the desired
microstructure and properties.

The first results of increased osteoblast adhesion on
the nanostructured metals were presented by WEBSTER
and EJIOFOR [2]. The grain boundaries favored the
adhesion of the cells. A small degree of residual porosity
after powder compaction has also played a role in the
cell adhesion. It was proposed that an increased area of
the surface defects exposed to the cell culture and to a
larger degree of surface electron delocalization caused
enhanced cell adhesion.

The main purpose of current research is to prevent
failures caused by infection, by changing the
biomaterial’s properties and making them highly friendly
for the surrounding tissues. In this work, the MA and
powder technology processes were used to synthesize
nanostructured Ti—45S5 bioglass—Ag composites. In
order to test the toxicity of materials, as well as
interaction between the tested materials, the in vitro
cytocompatibility tests should be performed [11,27].
Recently, in vitro cytocompatibility tests of Ti—10%
4585 bioglass nanocomposites have been conducted [11].
Fibroblasts play a key role in the initial stage of the
implant integration with surrounding tissue. The study
proved that no cytotoxic effects of the samples have been
seen, both on the tested nanomaterial sample and
microcrystalline titanium one. However, the cell growth
intensity is strongly dependent on the surface structure of
the material. The obtained results show that
nanocrystalline Ti—45S5 bioglass sample displays good
cytocompatibility compared with microcrystalline
titanium. Survival rate of CCD-39Lu fibroblasts was
higher in the presence of the nanocrystalline material as
compared with microcrystalline material in the same
concentration of the same interval. The proliferative
activity of CCD-39Lu fibroblasts cultured in the
presence of a nanocrystalline Ti—45S5 bioglass material
correlates with viability of these cells in the culture and
is dependent on the quantity of associated material.

In the present research, the activity of silver and
4585 bioglass against the S. mutans and S. aureus was
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evaluated. The Ti—bioglass—Ag composite showed the
highest antibacterial activity against S. aureus and S.
mutans. In both cases, the biofilm formation was reduced
by more than 90% in comparison to microcrystalline
titanium. According to the previous published research,
when Ti—45S5 bioglass—Ag material can be immersed in
body fluid, the metallic Ag particles on the surface of the
Ti—45S5 bioglass—Ag could react with the body fluid
and release ionized Ag into the surrounding fluid [28]. A
steady and prolonged release of the silver biocide in a
concentration level (0.1x107") is capable of rendering
antibacterial efficacy [28]. Silver particles had the
highest antibacterial effect with minimal inhibition
concentration  (4.86+2.71) pg/mL and minimal
bactericidal concentration 6.25 pg/mL, respectively [29].

The mechanism for bacterial toxicity of tested
Ti-based nanocomposites may include free metal ion
toxicity arising from the dissolution of metals from the
surface of the silver particles (e.g., Ag" from Ag) [30] or
oxidative stress via the generation of reactive oxygen
species (ROS) on crystal surfaces of some nanoparticles
(e.g., silica (Si0,), 45S5 bioglass) [31]. S. mutans in this
study was killed not only by Ag particles, but also by
Si0, particles. Silica has been found to inhibit bacteria
adherence to oral biofilms [32]. The silica induces an
unfavorable change in the biofilm, causing reduction of
the adhesion, and therefore proliferation of bacteria.

The mechanism of action of silver particles on
bacterial cells should be studied in details. Other
mechanisms, which mainly include changes in bacterial
cell wall permeability, removal of antimicrobial agents
through efflux pumps of membrane, drug action site
modification, antimicrobial agent’s inactivation, etc.,
should be considered [18].

Recently, BESINIS et al [32] have investigated the
toxicity of silver and silica nanoparticles (NPs) against S.
mutans. The survival rate of bacteria under the effect of
100 mg/L Ag NPs in the media was 2% compared with
60% with chlorhexidine. Silica NPs had limited effects.
Dialysis  experiments showed negligible
dissolution. Silver nanoparticles may extend their
antibacterial application to methicillin-resistant S. aureus
(MRSA) [33]. The antibacterial properties of silver
nanoparticles against MRSA were investigated. Silver
nanoparticles inhibited bacterial growth of both MRSA
and non-MR S. aureus.

Evidence for the lack of toxicity of various bioglass
formulations has been deduced from studies carried out,
both in vivo and in vitro, in several different centers [34].
Titanium is not a poison metal and the human body can
tolerate titanium in large dosis. Therefore, Ti-based
composites containing bioglass and Ag have potential to
be used in dentistry for infection control.

silver

5 Conclusions

1) The Ti—45S5 bioglass—Ag nanocomposites were
fabricated. The nanocomposites with about 8% porosity
have average pore diameter of 3—9 um, and the bulk
Ti—bioglass—Ag exhibits reduced bacteria adhesion (S.
and S. aureus) in comparison with
microcrystalline titanium.

2) Chemical composition and the implant
microstructure are key factors for the success of implant
adaptation. Therefore, the nanocrystalline Ti—45S5
bioglass—Ag composites may be an important step
forward in the development of such a structure, which
will support the process of osseointegration of the dental
implant.

mutans
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