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INTRODUCTION

Abstract

Bacterial infections affect about 1 in 5 patients who receive a dental implant within
5 years of surgery. To avoid the implant rejection it is necessary for the development
of innovative biomaterials, with addition or substitution of the ions, for implant coat-
ings that promote a strong bond with the new host bone and antibacterial action. The
objective of this work was to synthesize a bioactive glass with different silver con-
centrations to evaluate their antibacterial performance. The glasses were synthesized
with up to 2% silver content by melt-quenching. Structural, morphological, biologi-
cal, and electrical properties of all samples were studied. The biological behavior
was evaluated through cytotoxicity tests and antibacterial activity. The structural
analysis shows that the introduction of silver do not promote significant changes, not
altering the advantageous properties of the bioglass of the bioglass. It was verified
that the glasses with a silver content from 0.5% to 2%, completely prevented the
growth of both Staphylococcus aureus and Escherichia coli while being nontoxic
toward mammalian cells. Therefore, these bioglasses are promising materials to be

used in the production of dental implants with antimicrobial activity.
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around an implant. This bacterial infection is the main cause
of implant loss. To avoid nonconservative treatments (removal

Oral titanium implants have become a widely used option in
replacing lost teeth. Most clinical studies have shown very
positive and promising results for the use of dental implants,
using implant survival as an indicator." However, this practice
is not yet fully devoid of drawbacks, as in some cases there
are complications after implantation. Excessive occlusal stress,
host characteristics and bacterial induced bone loss (peri-im-
plantitis) are some of the etiological factors for late loss of
implanted bone structure.” Peri-implantitis arises from inflam-
matory reactions associated with loss of the supporting bone

of the implant), because this alternative is a very complex and
traumatic procedure for both the patient and the professional,
new approaches to implant structure and/or composition are re-
quired. It has been reported the use of bioactive glasses can pre-
vent removal of the implant.3 This type of material has shown
great relevance due to its ease in increasing tissue integration
and accelerating the regeneration of soft and hard tissues.*”
Biomaterials are classified as biocompatible materials that are
introduced into the biological environment and are assimilated
by the tissues of the human body. They may present as bioinert
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(no reaction), resorbable (reactivity and disappearance of mate-
rial) or bioactive (create a binding with living tissue).*” When
implanted in the form of porous structures, they promote tis-
sue ingrowth. Bioactivity is one of the main requirements to be
taken into account in bone tissue engineering. This characteris-
tic is attributed to the formation of a surface layer of hydroxyl-
ated apatite (HCA) similar to bone mineral. 10 Bjoactive glasses,
when compared to other ceramics, increase bone regeneration,
acting on cells at the genetic level.® After contact of bioactive
glasses with the biological medium, ion release occurs that pro-
motes the growth of a layer of carbonated hydroxyapatite on
the surface of the glass. The presence of network modifiers,
such as sodium and calcium, in the SiO, network intensifies
the level of this dissolution, leading to the formation of bridged
silicon-oxygen bonds. Whenever there are phosphate ions in
the bioactive glass network, these are also released, further pro-
moting Si-OH bonds. This increase in Si-OH bonds depends
on the hydrolysis of the Si-O-Si bonds caused by the increase
in pH. Then, the migration of Ca®" and PO,*~ ions to the sur-
face occurs, promoting the formation of an amorphous layer of
calcium phosphate. This layer, through the incorporation of hy-
droxides and carbonate ions of the biological fluid, crystallizes
in hydroxyapatite. As bioactivity is directly related to the rate
of dissolution of glass, morphology is an important factor.!1?

The first bioactive glass, 45S5 Bioglass® was reported
by Hench et al in 1969."% It has been used in a number of
biomedical applications such as orthopedic implants, bone
filler and treating conductive deafness and alveolar ridge
resorption.'* Bioglass® presents higher bioactivity, having
been applied in more than 1 million patients for jaw defects
repair and orthopedic-related interventions.® However,
bacterial infection has been an obstacle in clinical appli-
cations that may hinder further adoption of bioactive ma-
terials. Thus, to stimulate regeneration, angiogenesis, and
antibacterial properties of bioactive glasses in a physio-
logical environment, it was necessary to investigate alter-
natives. These consist in the introduction or substitution
of several metal ions in the glass net.'” Many researchers
have suggested bioglasses with different therapeutic agents
such as silver (Ag), copper (Cu), zinc (Zn), and magne-
sium (Mg).lf’_19 Silver ions have been shown to have an
enormous potential for antimicrobial activity.”*' In addi-
tion, the silver cation does not develop bacterial resistance.
Researchers have reported that silver-containing silica
glasses have a greater antibacterial effect than nondoped
silica glasses and a result silver has been incorporated into
the surface of a variety of medical devices.?” The main ben-
efit of the insertion of silver ions in the matrix of a bio-
glass is to promote controlled delivery of the antibacterial
agent. In addition, a broad spectrum of pathogens found at
implant, including Pseudomonas aeruginosa, Escherichia
coli, Staphylococcus aureus and Staphylococcus epider-
midis, can be affected. The mechanism of the antimicrobial

effects of silver is not yet fully understood. Silver ions have
a negative impact on bacterial enzymes, nucleic acids, in-
hibit cell division, damage the cell envelope and bacterial
contents, cause structural abnormalities in the cytoplasmic
membrane and outer cell 1ayers.23’24 The interaction be-
tween silver and the constituents of the bacterial cell enve-
lope and consequent damage to the membranes and impact
in the intracellular metabolic activity might be responsible
for cell death. Due to the greater effectiveness of silver,
this process has been the object of extensive research that
revealed that its incorporation does not have a detrimen-
tal effect on the bioactivity of glass.”> Due to its highly
promising antibacterial and anti-inflammatory properties,
silver-doped bioactive glasses are considered very useful
for tissue engineering applications.26

In this work, 45S5 base glasses, modified with the
addition of silver up to 2% in weight, were prepared by
melt-quenching and their structure, morphology, electrical,
and antibacterial activity measurements were performed.
The major topic is to evaluate the antibacterial properties.
Electrical properties were added to this work by the multi-
functionality of these materials, namely by the potential of
being electrically polarized, optimizing the osseointegra-
tion reactions.

2 | EXPERIMENTAL METHODS

2.1 |

The formulation of the synthesized bioglasses was based
on the 45S5 Bioglass® proposed by Larry L. Hench.'® The
prepared glass composition was 45% SiO,, 24.5% Na,0,
24.5% Ca0, and 6% P,05 (wt%). In addition to the base bio-
glass, bioglass was synthesized with various percentages by
weight of AgNO; (BGO0.5, BG1 and BG2%wt), substituting
the amount of Na,COs;. In a first stage, the high-purity start-
ing chemicals (SiO,, P,05, CaCO; Na,CO; and AgNOj3)
were mixed and homogenized, using a planetary ball milling
process for 1 hour at 300 rpm. Agate vessel and balls were
used. The powder was then calcined for 8 hours at 800°C.
Subsequently, the melt-quenching process was undertaken,
using a platinum crucible. The melt temperature was 1350°C,
and the melt time was 1 hour. The glass was melted twice to
improve the samples homogeneity. After quenched, all sam-
ples were annealed at 400°C for 15 hours and then slowly
cooled inside the annealing furnace, to minimize the internal
mechanical stresses resulting from quenching.

Glass synthesis

2.2 | Structural and morphological
characterization

The structure of the samples was investigated through X-ray
powder diffraction (XRD), Raman and FTIR spectroscopies.
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The XRD diffractograms were obtained at room tempera-
ture, on an Advance 8 X-ray powder diffractometer using
CuK, radiation (1= 1.54056 A) operating at 45kV, and
40 mA, with a curved graphite monochromator, an automatic
divergence slit, a progressive receiving slit, and a flat plane
sample holder in a Bragg-Brentano parafocusing configu-
ration. A scan step of 0.02° in 1 s in the 20 angle range of
10-60° were the measurement parameters.

The Raman spectroscopy of the bulk samples was car-
ried out in a Jobin Yvon spectrometer using an Ar" laser
(4 =532 nm), and the spectra were obtained in a back-scat-
tering geometry, between 200 and 1500 cm™'. The FTIR
spectra were recorded in the ATR mode, between 400 and
1500 cm™', on a Nicolet Avatar 360 spectrometer, using pel-
lets composed by KBr mixed with the powder of each sam-
ple, in a weight ratio of 200:1 mg.

For the electrical measurements, the samples were pol-
ished until parallel surfaces were achieved, with thicknesses
of about 1 mm. The surface area of all samples is close to
that of a disk with 10 mm diameter. The opposite parallel
faces of the samples were painted with silver conducting
paste. The DC electrical conductivity (opc) of the samples
was measured with a Keithley 617 electrometer, capable of
measuring currents down to 10™'* A. This measurement was
performed in the temperature range between 200 and 400 K,
using a nitrogen bath cryostat setup. During the electrical
measurements, the samples were kept in a helium atmo-
sphere, to avoid moisture, and minimize thermal gradients.
The AC electrical conductivity (o5¢) was also measured in
the temperature range of 200-400 K, using the same bath
cryostat, with a Network Analyzer, Agilent 4294, operating
between 40 Hz and 110 MHz and in the Cp—Rp configura-
tion (Capacitance in parallel with Resistance). In both mea-
surements, DC and AC, the temperature of the samples were
controlled by an Oxford IT-C4 and measured using a plati-
num sensor. In both DC and AC, the activation energy (E,)
was calculated for the high-temperature range, by fitting the
data to the Arrhenius equation (Equation (1)) 2729,

— Ea
0 =0 exp _KBT (1)
where o, is a preexponential factor, E, the activation energy,

Ky the Boltzmann constant, and 7 the temperature. The E,
can be calculated from the slope of In (opc) versus 1/7.

The permittivity was calculated using Equation (2).>%*
) d . d
sl 4 _
g =g —] PeoA JprgoA )

where C,, and R, represent the measured capacitance and resis-
tance, d is the sample thickness, A the electrode area and ¢, the
permittivity of the empty space (8.8542 x 10! F/m). The AC
conductivity, 65, was calculated using the relation (3) 3134,

n
O-AC =& a)f() (3)
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where @ is the angular frequency, g, is the dielectric permittivity
of free space (8.854 x 10™'? F/m) and &” is the imaginary part of
the complex permittivity. To determine the AC activation energy
(Eyac) these results were adjusted using the Arrhenius expres-
sion, in the same way that it was made for E, ¢, (Equation (1)).
From the complex permittivity values the complex mod-
ulus can be calculated, which is defined as the inverse of
the complex permittivity, being the real and imaginary parts

given by the following equations, respectively 3,

/
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A semi-quantitative analysis of the chemical elements on
the surface of the samples was made using a Bruker EDS
system coupled to a Vega 3 microscope from TESCAN. The
measurements were made in several surface points with an
electron beam spot of 5 pm in diameter.

2.3 | Cytotoxicity tests

Samples were checked for cytotoxicity using the extract
method and Vero cells according to the International Standard
ISO 10993-5. Bioglass samples were incubated during
48 hours at 37°C in the culture medium for extract produc-
tion. Two surface to volume of medium ratios were tested:
3 em*mL and 1.5 cm?/mL. Negative controls (viable cells)
and positive controls (cells in a cytotoxic environment cre-
ated by the addition of dimethyl sulphoxide to the medium)
were established. After 48 hours in contact with the extracts, a
colorimetric viability assay using resazurin was performed.35

24 |

To assess the antimicrobial activity E coli K12 DSM498 and S
aureus NCTC8325 were used as reference strains. The bacte-
rial strains were grown overnight at 37°C using the LB Broth
36 until they reach approximately 10° CFU/mL and then a series
of 10-fold dilutions of each culture were prepared in molten LB
solidified with agar 0.8% w/v. An inoculum of 100 pL of the ap-
propriate dilution was deposited on the surface of the material
(one single drop in contact with the surface) and the samples in-
cubated at 37°C during 48 hours. The number of colonies (CFU)
in each sample was registered under a stereomicroscope at 12.5X
magnification. Each experiment was perf ormed at least 3 times.

Antibacterial activity

3 | RESULTS AND DISCUSSION

The XRD diffractograms of the glass without silver (BGO)
and glass with silver (BG2) are shown in Figure 1. The XRD



] N g
A
L Ul il
i %“ W g,
= ik |
, WM M‘MWWW Ml
[
Lo ENE

~1024 cm™
BG1

Vis

Transmittance (arb. units.)

P
\/\
e

7
]

BGO.5 /\
\/\
T T T T T T T
1200 1100 1000 900 800 700 600 500 400

Wavenumber (cm1)

patterns of both samples are very similar, showing only an
amorphous phase and demonstrating that the chosen ex-
change conditions did not affect the structure of the glass to
promote any devitrification. However, the possible existence
of crystalline phases should not be excluded. If they exist,
they should be small in size and number, which is difficult to
detect, due to the low amount of incorporated silver.

Figure 2 shows the FTIR spectra of all samples. The
characteristic absorption bands of the amorphous bioglass
can be observed at around 1024, 927 and 485 cm™'. These
bands are predominantly due to the Si-O bonding vibra-
tions. They are well assigned to Si-O-Si and Si-O stretching
vibration modes and to the Si-O-Si bending mode, respec-
tively. The shoulder at 597 em™! s related to amorphous
phosphate.37’38 Not only the band at 597 cm™" but also the

band at 728 cm ™ is related to P-O-P bonding.”’40 In agree-
ment with the results of XRD, the FTIR measurements also
do not indicate any type of modification in the glass matrix
with the addition of silver.

As with the techniques discussed above, the Raman spectra
of the different samples are similar. The broad bands indicate
the presence of amorphous phases (Figure 3). A more de-
tailed analysis, performed by deconvoluting the Raman spec-
troscopy bands (Figure 4), revealed additional information.
The best adjustment allows the identification of the vibra-
tions characteristic of the different structural groups present
in accordance with published data.*' Deconvolution shows
the following vibrations in the amorphous sample: 406, 621,
665, 863,942,956, and 1029 cm™!. These bands are assigned
to symmetric oxygen stretching of Si-O-Si, rocking motions
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FIGURE 4 Raman spectrum of the BG1 glass, including
the deconvolution of all bands

of bridging oxygen in structural units that contains nonbring-
ing oxygen, oxygen bending motion, symmetric stretching
of QO (SiO44_), symmetric stretching of Q2 (812064_), P-O-P
stretching, asymmetric stretching of bridging oxygen in all
Q species, respectively, according to the literature.*! Figure
5 shows the sum of the areas of the bands associated with
nonbridging oxygen vibrations.

Figure 6 represents the EDS spectra that allow a semi-
quantitative analysis of the constituent elements of the base
bioglass (BGO) and of the bioglass with silver, in this case
the sample BG2. The band relative to silver element in-
creases with the increase in its concentration. However, the
concentration of silver is low than the expected. This can be

FIGURE 5 The sum of the areas of the bands associated with
nonbridging oxygen vibrations

associated with losses in the synthesis method. Other chemi-
cal elements, besides those that are part of the network, were
not detected.

Figure 7 shows the graph of the DC conductivity, on
a logarithmic scale, as a function of the inverse tempera-
ture. All samples display a thermally activated behavior
because conductivity increases with increasing tempera-
ture. Above about 250 K, the behavior is linear and can
be adjusted to the Arrhenius model. Applying this model,
it was possible to calculate the activation energies of this
conduction mechanism in the temperature range shown in
the inset. It was found that the energy tends to increase
with increasing silver concentration while the conductivity
tends to decrease (Table 1). Since the conductivity depends
of the number of charge carriers and their mobility, the in-
crease in the activation energy suggests a decrease in the
mobility of the charge carriers, which may contribute to
the decrease of the conductivity. In addition to this factor,
the number of charge carriers also influences the reduc-
tion of conductivity due to the possible segregation of sil-
ver in the glass network, which will consequently decrease
the number of “available” carriers. In addition, and since
the number of silver ions inserted into the glass structure
is lower than the number of sodium ions that should be
replaced, as the EDS results indicate, the total number of
charge carriers should decrease with the increase of silver.
Thus, if the number of modifiers decreases, the number of
nonbridging oxygen (NBO) ions decreases. An indicator of
the decrease in the number of NBO is verified by Raman
spectroscopy. As mentioned, the sum of the areas of the
Raman vibration bands associated with nonbridging oxy-
gen vibrations (Figure 5) shows a tendency to a decrease of
the NBO bonds with the increase of Ag content, which is in
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FIGURE 6 A)SEM images of BGO
and BG2. B) EDS data of BGO and BG2
(inset shows the Ag bands in detail)
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agreement with the DC conductivity results (Table 1). This
observation suggest that the number of Ag ions that can be
included into the glass structure as free ions, acting as net-
work modifiers, is smaller than that the number of Na ions
that were replaced with the Ag ions. This can be due to the

possible segregation and/or loss of silver ions during the
preparation process and should be function of the quantity
of Ag content.

Table 2 shows that AC conductivity decreases with the
increase of silver content. Verifying that the activation
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TABLE 1 DC conductivity (o) and DC activation energy at TABLE 3 Activation energy (E,) of dielectric relaxation of all
360 K and 10 kHz the samples
opc (x1075) E. o) E,
Samples [S/m] [kJ/mol] Samples [kJ/mol]
BGO 471 76.35 BGO —
BGO.5 4.03 79.59 BGO0.5 81.91
BGl 4.44 78.47 BGl 77.04
BG2 1.84 80.50 BG2 77.79
M3 cm¥/ml 1.5 cm?/ml

TABLE 2  AC conductivity (6,¢), AC activation energy (Eyac))
dielectric constant (¢'), and dielectric loss (tan §), of all samples at
300 K and 10 kHz

OAC Eya0)
Samples [10'7 S/m] [kJ/mol] e’ tan &
BGO 1.92 37.95 13.60 0.018
BGO.5 0.82 35.67 11.00 0.013
BG1 0.77 35.88 9.85 0.014
BG2 0.62 35.77 10.93 0.010

energy does not change significantly, it can be concluded
that the decrease in AC conductivity is due to the reduction
in the number of charge carriers. In these samples, with the
exception of the base sample, the presence of a dielectric
relaxation was detected, and the frequency peak is shifted
to higher frequencies with the rise of temperature (Figure
8). This variation can be adjusted using the Arrhenius
model and in this way calculate the activation energy of
this relaxation process (Table 3). The activation energy val-
ues of this relaxation phenomenon are much higher than
those obtained for the AC conductivity, which suggests
that the entities responsible for both phenomena are not
the same. Must be mention that in the dielectric analysis

Relative Cell Viability

02

CC- CC+

BGO BG1 BG2

FIGURE 9 Cytotoxicity of the extracts prepared with the
different glasses toward Vero cells. A relative cell viability above
90% indicates the absence of cytotoxic effects towards the cells used

we used the modulus formalism, (M* = 1/¢*), because it
minimizes the electro-sample interface capacitance con-
tribution at low frequencies and emphasize small capaci-
tances features.*? This dielectric relaxation behavior was
not observed in other formalism, such as the permittivity or
impedance. Thus, the relaxation behavior should be related
with electrical dipoles form due to the presence of silver in
the glass network as a network modifier ion.

FIGURE 8 Imaginary part of the 3.50E-02
modulus versus frequency, at several 75
temperatures, for BG1 sample. The inset 3.00E-02 400 K o e,
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TABLE 4 The effect of the bioglass and silver-containing
bioglass on Staphylococcus aureus and Escherichia coli

Samples S aureus (CFU/mL) E coli (CFU/mL)
BGO 1.85 % 10° + 2.8 x 10° 1.6x 10° + 1.8 x 10°
BGO.5 0 0

BG1 0 0

BG2 0 0

Results of the cytotoxicity test show that none of the sam-
ples with the different concentrations of silver present a toxic
behavior towards Vero cells when compared to the positive
(CC+) and negative (CC—) controls (Figure 9). The absence
of cytotoxicity of 45S5 bioglasses modified by the addition
of up to 2% silver suggests that they can be used in biologic
applications without causing harmful effects.

The antimicrobial activity test summarized in Table 4 indi-
cates that the inclusion of Ag promotes antibacterial activity. The
results show that Ag has a more severe inhibitory effect towards

E coli when compared to S aureus. This observation is conso-
nant with the results of other studies **** and most probably due
to the different nature of the bacteria cell-wall. In the sample
with the lowest silver concentration tested (BG0.5), a decrease in
cell viability of E coli is observed when compared to the control,
that is, the sample without silver (BGO). The same behavior is
observed with the S aureus species (Table 4). However, at higher
silver concentration, samples BG0.5, BG1, and BG2, total inhi-
bition of growth is shown for both microorganisms (Figure 10).

4 | CONCLUSIONS

Amorphous bioglasses, with the 45S5 base composition,
containing silver were synthesized using the melt-quench-
ing method. It was observed that concentrations of silver
above 2% were not feasible, due to clear segregation phe-
nomena. The EDS results reveal that the real content of sil-
ver, in all samples, is lower than the expected probably due

Samples E. coli

S. aureus

/’/"
BG0 k m \

\10"

BGO0.5

BG1

BG2

FIGURE 10 Antibacterial activity of bioglass and silver-containing bioglass against Staphylococcus aureus and Escherichia coli. Top panels

inset shows a magnification of bacterial colonies
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to segregation (nonuniform distribution of silver in the glass
network) and/or losses during the melting-quenching steps.
Raman spectroscopy shows a decrease in the NBO vibration
bands with the increase of silver content, which is in agree-
ment with the DC conductivity results and associated with
the decrease in charge carriers numbers due to the occurrence
of silver segregation. A thermally stimulated dielectric relax-
ation phenomenon was detected in all samples containing sil-
ver ions. Cytotoxicity studies show that all samples are viable
for biomedical applications. The antimicrobial evaluation in-
dicates that samples with a silver concentration in the range
from 0.5% up to 2% completely prevented the growth of both
S aureus and E coli at the highest bacterial cell density tested.
This work shows that the prepared bioglasses can be used as
coating material for dental implants with antimicrobial activity
or in the production of scaffolds for bone tissue engineering.
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