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A B S T R A C T

We synthesized, using a solid-state reaction, bioactive ceramics of the SiO2−CaO−Na2O−P2O5 system doped
with up to 3 mol% of Ag, Mg, Sr, Zn, and Ga, elements that were used as therapeutic agents. On evaluating the in
vitro bioactivity of our crystalline samples using the ICG-TC04 method (so far only tested for glassy materials),
we observed that those ceramics containing up to 0.5 mol% dopant exhibited hydroxycarbonate apatite (HCA)
layer formation on their surfaces in a 24-h in vitro assay — the same time observed for Bioglass®, the material
considered to be “gold standard” in terms of bioactivity. The antibacterial activity of these ceramics was con-
firmed against 23 oral bacteria, related to caries and endodontic infections, by employing three different
methods. For the agar dilution method, using a concentration range of 0.5–24 mg/mL, various bacteria were
found to be susceptible to the materials — the lowest minimum inhibitory concentration (MIC) values were
achieved for the doped samples, particularly those containing Ag. In the biofilm-forming capability assay, we did
not observe any viable cells after 24 h incubation. Finally, the direct contact assay confirmed that all the samples
showed a stronger antibacterial effect, promoting a significant reduction in the number of viable cells after only
10 min in contact with the microorganisms. This result indicates that the tested materials have an intrinsic
antibacterial activity, and do not need to be doped, except for some specific bacteria or depending on how they
will be used (extracts or in direct contact). Therefore, besides easy production and in vitro bioactivity, all tested
materials demonstrated a considerable antibacterial effect against representative bacteria, stimulating future
studies involving their application as topical endodontic disinfectants or in dental prophylaxis procedures.

1. Introduction

Bioactive ceramics are materials that rapidly (in a few hours or
days) bond with hard tissues and some soft tissues, stimulating bone
growth away from the bone-implant interface [1]. The first synthetic
material that exhibited this level of interaction was the 45S5
45SiO2−24.5CaO−24.5Na2O−6P2O5 (wt%) glass, known worldwide
for its trademark Bioglass® [2]. Today, it is known that other materials,
such as novel glass types, glass-ceramics, and calcium phosphate-based
ceramics also exhibit high bioactivity [1–3] (i.e., the ability to form in

vivo a hydroxycarbonate apatite (HCA) layer on their surfaces, pro-
moting an interface and strong bonds to bone and teeth). It is important
to note that applications of these materials are not restricted to hard
tissue (bone and teeth). Numerous soft tissue engineering applications
have been investigated recently [4], most with exciting potential, in-
cluding cardiac tissue, nerve and gastrointestinal regeneration, stabili-
zation of percutaneous devices, and anchoring of ligament prostheses.

To further improve the performance of bioactive ceramics, new
approaches have been investigated by incorporation of biologically
active ions in their structures [5,6]. The main objective has been to
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increase the stimulating effects of these materials on osteogenesis or
angiogenesis, and for promoting antimicrobial activity. Regarding an-
timicrobial activity (the focus of this article), it has been reported that
some materials, such as S53P4 53SiO2−20CaO−23Na2O−4P2O5 (wt
%) glass [7,8], Bioglass® [9,10] and certain gel-glasses [11,12], exhibit
this property. As an example, S53P4 glass demonstrated potential to
treat osteomyelitis [13–15], an inflammatory process of bone tissue that
is very difficult to eradicate, particularly when associated with the
presence of Staphylococcus aureus and S. epidermidis biofilms.

In addition to the fact that some bioactive ceramics present anti-
microbial activity, it is possible to intensify this effect by incorporation
of certain ions in their structure. Silver, for example, has broad spec-
trum antimicrobial activity [16,17], and glasses containing this element
have been synthesized using different techniques [18–20]. Hence, these
materials have been pointed out as a promising alternatives for tissue
engineering applications, especially in cases involving healing of cuta-
neous wounds [21,22]. Gallium is another element that has attracted
significant interest in recent years. In vitro studies have shown that
Ga3+ is effective in inhibiting the formation and growth of Pseudomonas
aeruginosa biofilms due to its chemical similarity to Fe3+ [23], thus
interfering in the cellular metabolism of this bacterium, which has an
intrinsic resistance against antibiotics and is responsible for numerous
cases of hospital infection. The incorporation of only 1 mol% Ga2O3

into phosphate glasses was sufficient to promote a positive effect
against P. aeruginosa, S. aureus, methicillin-resistant S. aureus, Escher-
ichia coli, and Clostridium difficile [24]. It is important to emphasize that,
besides having antibacterial activity, gallium also has a biological ac-
tion favorable to the maintenance of bone tissue [25]. It acts by in-
hibiting the process of bone resorption, therefore being suggested as a
promising agent in the nonhormonal treatment of osteoporosis [26],
somewhat similar to strontium [27–29].

It is remarkable how the incorporation of silver, gallium, and other
biologically active elements in bioactive glasses, glass-ceramics, and
ceramics, to enhance or give them new functionalities, is a promising
and sound area of research. Beyond encompassing new compositions
and synthesis methodologies, there have also been continuous efforts
towards understanding the biological behavior of these materials, a
process which is fundamental to direct modifications aiming at more
specific and efficient applications. Hereupon, in this study, we eval-
uated the in vitro bioactivity and antibacterial activity of silica-based
bioactive ceramics containing up to 3 mol% of silver (Ag), magnesium
(Mg), strontium (Sr), zinc (Zn), and gallium (Ga) against potentially
pathogenic bacteria of the oral cavity. Our purpose was to test the new
ICG-TC04 method [30] to evaluate the in vitro bioactivity of crystalline
materials. In addition, we intended to validate or not the antibacterial
activity of these materials, which will help in the design of new ap-
plications — considering that resistance to antibiotics by some micro-
organisms, and the potential role of some dental lesions or period-
ontitis, as a risk factors for systemic diseases, indicate a clear demand
for further strategies and alternatives for prevention and treatment.

2. Materials and methods

2.1. Bioactive ceramics

The bioactive ceramics evaluated in this research (Fig. 1) were
synthesized using a solid-state reaction, following our previous study
[31]. Thermal treatments for 480 min at ∼1000 °C under a pure oxygen
atmosphere were also tested here, mainly for the samples containing
Ag. For the synthesis procedure, we used sodium carbonate
(Na2CO3 ≥ 99.5%), calcium carbonate (CaCO3 ≥ 99.5%), strontium
carbonate (SrCO3 ≥ 99.9%), disodium hydrogen phosphate
(Na2HPO4 ≥ 99.5%), silver sulfate (Ag2SO4 ≥ 99.5%), silicon
(SiO2 ≥ 99.9%), magnesium (MgO ≥ 99.9%), zinc (ZnO ≥ 99.0%), and
gallium (Ga2O3 ≥ 99.9%) oxides to achieve the nominal compositions
shown in Table 1 — all chemicals were provided by Sigma-Aldrich. To

obtain 50 g of material, the relative proportions of each chemical in the
batch were calculated using the freely available software tool Glas-
sPanacea® [32,33], allowing this step to be fast and accurate. For
comparison, samples of Bioglass® and Biosilicate® were used as refer-
ences. Biosilicate® is a bioactive glass-ceramic that is approximately
99.5% crystalline [34,35], and which has also been tested successfully
in several medical and dental applications [36,37]. Both materials were
provided by researchers of the Vitreous Materials Laboratory of the
Materials Engineering Department at the Federal University of São
Carlos, Brazil.

2.2. Characterization of materials

After the thermal treatments required to produce the desired che-
mical reactions, all samples were manually desegregated in an agate
mortar, and powders with particle sizes of 25–75 μm were selected. X-
ray diffraction (XRD) was used to analyze these powders using a Rigaku
Ultima IV X-ray diffractometer operating with CuKα radiation
(λ = 0.15418 nm). The diffraction patterns were obtained for 2θ, ran-
ging from 10 to 70° in a continuous scan mode at 0.5°/min. To assist in
structural characterization, the powders were also analyzed by Fourier
transform infrared (FTIR) spectroscopy using a Perkin Elmer Spectrum
GX model spectrometer operating in reflectance mode, with a spectral
resolution of 4 cm−1 from 1400 to 400 cm−1. The specific surface areas
of the samples were determined using a Micromeritics ASAP 2020
analyzer by measuring the nitrogen adsorption isotherms at 77 K for use
in the Brunauer-Emmett-Teller (BET) equation [38].

2.3. Evaluating in vitro bioactivity with ICG-TC04 method

The in vitro bioactivity of the particulate samples was evaluated
according to the new ICG-TC04 method [30], proposed in 2015 by the
Technical Committee 4 (TC04) of the International Commission on
Glass (ICG) to overcome the limitations of ISO/FDIS 23317 [39], which
was designed for solids with regular geometric shapes (i.e. disks or tiles)
and not for powders or porous materials. Different to ISO/FDIS 23317,
which establishes a relationship between apparent surface area (Sa) of
the sample and volume of solution (VsV) used in the test according to

=V S /10as , in the ICG-TC04 method there is a standardization based on
concentration (mg/mL), with the assay being conducted under agita-
tion. The solution used in this test is known as simulated body fluid
(SBF), and is acellular, protein-free, and has a pH adjusted at 7.40 [40].

For this assay, the SBF was prepared according to Kokubo's method
[40]. The ceramic powders were immersed into this solution using a
ratio of 1.5 mg/mL (in triplicate). Each sample was cleaned ultra-
sonically for 10 s in acetone prior to its immersion in polyethylene
bottles containing SBF. During the test, the powders were in contact
with the solution for 3, 6, 12, 24, 48, 72, 96, 120, 144, 168, 336, 504,
and 672 h, and the systems were kept under constant agitation at 37 °C

Fig. 1. Illustration of a sample evaluated in the study: a) powder used in agar
dilution and direct contact assays; and b) pressed disks used in biofilm-forming
capability assay.
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on a shaker table. At the end of each test, samples were removed from
bottles by filtration (particle retention > 3 μm) and rinsed with
acetone to eliminate the SBF and terminate any surface reaction. After
drying, a set of samples was analyzed using XRD, and by scanning
electron microscopy (SEM) using an FEI Inspect S50 microscope to
check for superficial HCA layer formation. Finally, the filtered solution
was collected to determine the variations in pH that occurred
throughout the test due to partial dissolution of the powders. For ac-
complishment of these measures, a Mettler Toledo S20 SevenEasy™ pH-
meter was used.

2.4. Evaluation of antibacterial activity

Initially, samples with particle sizes 25–75 μm were subjected to wet
milling with propan-2-ol (CH3CHOHCH3) in a high-energy planetary
mill Pulverisette 6 using a jar and agate balls. After grinding, powders
with a granulometry of less than 5 μm were selected by filtration and
oven dried for use in agar dilution and direct contact assays. For the
biofilm-forming capability, powders were compressed into disks mea-
suring 10 mm in diameter and 2.2 mm in height by uniaxial pressing at
65 MPa (see Fig. 1). Particle sizes < 5 μm were chosen because they are
suitable for the treatment of dentin hypersensitivity [34,41], as well as
to investigate the influence of particle size of Biosilicate® comparing the
results with those of a previous study [42], performed with particle
sizes < 20 μm. Prior to the assays, all samples (powders and com-
pressed disks) were first sterilized at 200 °C for 2 h, with reinforced
attention to the samples containing silver.

Standard strains from the American Type Culture Collection (ATCC)
and clinical bacteria isolated from oral and endodontic diseases selected
for the study were anaerobic: Peptostreptococcus micros (clinical isolate),
Actinomyces viscosus (clinical isolate), A. naseslundii (ATCC 19039), A.
naseslundii (clinical isolate), Fusobacterium nucleatum (ATCC 25586), F.
nucleatum (clinical isolate), Prevotella intermedia (clinical isolate), P.
nigrescens (ATCC 33563), P. buccae (clinical isolate), Porphyromonas
gingivalis (ATCC 33277), P. gingivalis (clinical isolate) and Bacteroides
fragilis (ATCC 25285); and aerobic/microaerophilic: Streptococcus sali-
varius (ATCC 25975), S. salivarius (clinical isolate), S. sobrinus (ATCC
33478), S. mutans (ATCC 25175), S. sanguinis (ATCC 10556), S. san-
guinis (clinical isolate), S. mitis (ATCC 49456), Enterococcus faecalis
(ATCC 4082), E. faecalis (clinical isolate), Lactobacillus casei (ATCC
11578) and L. casei (clinical isolate). The culture media used for the
anaerobic bacteria were Schaedler broth (Difco) supplemented with
1 μg/mL menadione and 5 μg/mL hemina (Sigma-Aldrich), and

Schaedler agar (Difco) containing the same supplements plus 5% defi-
brinated sheep blood. For the aerobic/microaerophilic bacteria, Brain
Heart Infusion — BHI broth (Difco) and BHI agar (Difco) were used,
with 5% defibrinated sheep blood also being added to the agar.

2.4.1. Agar dilution method
To determine the MICs, the agar dilution method [43] was used,

with some adaptations. All samples were diluted in test tubes so that
when 18 mL of agar Schaedler or BHI were added in 2 mL of culture
medium with each sample, the final concentrations reached 24, 16, 8, 4,
2, 1, and 0.5 mg/mL. Subsequently, tubes were homogenized and
poured into appropriately coded Petri dishes (15 mm × 90 mm). The
Schaedler and BHI broths were used without any sample as a negative
control, while chlorhexidine gluconate solution (Sigma-Aldrich) was
used for the positive control. All plates were prepared only at the time
of assay.

The bacteria were cultured on Schaedler and BHI agar incubated at
36 °C during 24 h for aerobic/microaerophilic and 72 h for anaerobic
microorganisms. In the case of anaerobic bacteria, all assays were
performed in a MiniMac anaerobic chamber (Don Whitley Scientific) at
10% H2, 10% CO2, and 80% N2. After incubation, bacterial suspensions
were prepared from the cultures of each bacterium in respective broths
and standardized to a turbidity corresponding to 0.5 on the McFarland
scale (1.5 × 108 CFU/mL) for the aerobic/microaerophilic and 1.0
(3.0 × 108 CFU/mL) for anaerobic bacteria. Standardized suspensions
were placed into a Steers multi-applicator and the Petri dishes labeled
based on the positive control and from highest to lowest dilutions
(ending on the negative control), in triplicate. Once the inoculants were
dry, plates containing bacteria were then incubated in the same con-
ditions described previously according to the specificity of each group
of bacteria, with MIC values being determined as the lowest con-
centration of material capable of inhibiting visible growth of bacterial
colonies in the culture media. We performed a statistical analysis using
the ANOVA method with two criteria (material and bacterium) and a
significance of 95%.

2.4.2. Biofilm-forming capability
To evaluate biofilm-forming capability, the pressed powders were

used as a substrate for biofilm formation and growth employing adap-
tations of the methods described in other studies involving E. coli and P.
aeruginosa [44], and S. mutans biofilms [45]. Overnight cultures of a set
of aerobic bacteria and three days for anaerobic bacteria were re-
suspended in broth to 1.0 × 107 CFU/mL, with aliquots of 200 μL then

Table 1
Nominal composition of evaluated materials.

Sample Components (mol%)

SiO2 CaO Na2O P2O5 Ag2O MgO SrO ZnO Ga2O3

Bioglass® 46.14 26.91 24.35 2.60 – – – – –
Biosilicate® 49.16 25.79 23.33 1.72 – – – – –

Bio-FP 49.14 25.80 23.34 1.72 – – – – –
Bio-FP(Ag0.5) 49.62 26.05 23.57 0.50 0.25 – – – –
Bio-FP(Ag1) 49.50 25.99 23.51 0.50 0.50 – – – –
Bio-FP(Ag3) 49.00 25.72 23.28 0.50 1.50 – – – –

Bio-FP(Mg0.5) 49.50 25.99 23.51 0.50 – 0.50 – – –
Bio-FP(Mg1) 49.25 25.86 23.39 0.50 – 1.00 – – –
Bio-FP(Mg3) 48.25 25.33 22.92 0.50 – 3.00 – – –
Bio-FP(Sr0.5) 49.50 25.99 23.51 0.50 – – 0.50 – –
Bio-FP(Sr1) 49.25 25.86 23.39 0.50 – – 1.00 – –
Bio-FP(Sr3) 48.25 25.33 22.92 0.50 – – 3.00 – –

Bio-FP(Zn0.5) 49.50 25.99 23.51 0.50 – – – 0.50 –
Bio-FP(Zn1) 49.25 25.86 23.39 0.50 – – – 1.00 –
Bio-FP(Zn3) 48.25 25.33 22.92 0.50 – – – 3.00 –

Bio-FP(Ga0.5) 49.62 26.05 23.57 0.50 – – – – 0.25
Bio-FP(Ga1) 49.50 25.99 23.51 0.50 – – – – 0.5
Bio-FP(Ga3) 49.00 25.72 23.28 0.50 – – – – 1.50
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being inoculated in 12-well microplates containing the disk samples
and 4.8 mL of fresh broth (in triplicate). After incubation, maintaining
the conditions of each bacteria group described previously, the spent
growth medium containing nonadherent bacteria was removed and
replaced with 5 mL of fresh medium. The plates were then incubated for
a further 48 h to obtain a mature biofilm and 3 mL of fresh broth were
added to the system for subsequent dilutions, plating and incubating at
36 °C to count bacterial colonies.

As a negative control, alumina (Al2O3) powder with particle
sizes < 5 μm was compressed into disks and used in the assay due to its
inert character, while for the positive control compressed disks of
Bioglass® were used.

2.4.3. Direct contact method
For the direct contact assay [8,42], after incubation of a set of

bacterial cultures, they were centrifuged at 4000 rpm for 5 min and
washed with 0.9% sodium chloride (0.9% NaCl) solution. In the se-
quence, a new volume of solution was added to the sediment to reach a
turbidity corresponding to approximately 3.0 × 108 CFU/mL. From
each suspension, 10 μL were seeded onto the surface of the solid culture
media (Schaedler and BHI agar) and the system was incubated at 36 °C
for 24 and 72 h, as required by each bacterial group, for subsequent
counting of colony-forming units per milliliter (CFU/mL) in triplicate
assays.

Testing the samples, 25 mg of each of them were placed in
Eppendorf-type microtubes (tubes 1 and 2) with 30 μL of bacterial
suspension (1.0 × 106 CFU/mL). Tubes were them homogenized on a
shaker for 10 min, with 470 μL of 0.9% NaCl solution added in tube 1.
After 1 min of stirring, aliquots of 20 μL were removed from this tube
and seeded onto the surface of the solid culture media for incubation
and further reading of the bacterial growth — aliquots of 50 μL, ob-
tained from serial dilutions (0.1–1.0 × 10−7) in NaCl solution, were
similarly treated. Tube 2 remained incubated for 50 min and the same
procedure described for tube 1 was used to evaluate possible viable
cells. Thus, the samples remained in contact with the bacteria for a total
period of 10 and 60 min. To verify the influence of pH, its value was
measured for each testing time reproducing the same condition of the
assay.

For this method, alumina was used as a negative control and
Bioglass® as a positive control, both having the same granulometry
(< 5 μm) as the other samples used in this assay.

3. Results and discussion

3.1. Characterization of materials

Fig. 2 shows the X-ray diffractogram of the sample Bio-FP and the
others doped with 3 mol% Ag, Mg, Sr, Zn and Ga. The formation of
sodium calcium silicate Na2CaSi2O6 (PDF #77-2189) almost exclusively
occurred from the proposed thermal treatment for all samples. The
characteristic peak of another crystal phase, Na2Ca2Si3O9, also appears
at ∼25.89° (2θ), a result which is not surprising because it forms a solid
solution with Na2CaSi2O6 [46,47].

No other phases were identified with the incorporation of Ag, Mg,
Sr, Zn, and Ga, therefore these elements remained in solid solution in
the system. There was a mild displacement of some peaks, an ob-
servation which may be correlated to changes in lattice parameters,
such as expansion or contraction of the unit cell of the major
Na2CaSi2O6 crystalline phase. Although the dopants Ag1+, Mg2+, Sr2+,
and Zn2+, except Ga3+, have similar oxidation numbers to Na+ and
Ca2+, and were incorporated in small quantities, they have different
ionic radii and electronegativity [48], explaining the small shifts in the
diffraction pattern. Phosphorus (P5+) also appears to have remained in
solid solution because no other phase containing this element was
identified. In relation to the strontium-containing samples, the pre-
cursor SrCO3 was submitted to a previous treatment prior to

incorporation into the system due to its high temperature for thermal
decomposition (∼1100 °C) [48] and formation of strontium oxide
(SrO).

An important point is the formation of metallic silver (Ag0) in the
set of samples Bio-FP(Ag), evidenced by their slightly darkened color. In
the standard silver diffraction sheet (PDF # 4-783), the most intense
peak at ∼38.17° (2θ) is very close to a peak of the Na2CaSi2O6 phase.
Within the resolution of the diffractograms, it was not possible to dis-
tinguish the contribution (intensity) of each of them. The concentration
of silver is small. Furthermore, a certain silver fraction was segregated
in the samples which could be removed using fine-tip tweezers. In any
case, formation of Ag0 was expected, as shown graphically in Fig. 3 by
the change in the free energy of formation ( Go

f ) of Ag2O. During the
synthesis procedure, silver is formed from the melting of the Ag2SO4 at
∼660 °C [48]. At this temperature, Ag2O is unstable due to the fact that
above ∼195 °C it is possible to observe positive values for Go

f
[49,50]. This thermodynamic data indicates that silver remains reduced
as Ag0 above ∼195 °C, with a fraction converted to Ag2O just below
this temperature in the cooling stage. To minimize this effect of silver
reduction, all samples were synthesized under an O2 atmosphere,
shifting the equilibrium to the formation of Ag2O.

The FTIR spectra of the doped samples (with 0.5 and 3 mol%) in
Fig. 4 also did not show significant changes in relation to the undoped
Bio-FP. All of them could be characterized by the presence of intense
bands in the region of 1100 and 500 cm−1. The bands at 1140, 1105
and 1040 cm−1 are related to the stretching vibrations of Si−O bonds
[31,51,52]. For the samples doped with 3 mol%, comparing with the
Bio-FP, discrete deformation can be observed in the band at
∼940 cm−1, which is attributed to the stretching vibrations of the non-
bridging oxygen (NBO) bonds [31,51], formed by the presence of Na
and Ca atoms. Such modification in this band is possibly related to the
new modifying atoms (of the dopants) incorporated in the system.
Another small modification is observed in the spectra of the samples
containing Ag, the band situated at ∼1105 cm−1 being more intense.
This change occurred due to the presence of Ag, and not intensifying
with an increase from 0.5 to 3 mol%, potentially being related to their
segregation during the synthesis procedure.

Other intense vibrational bands characteristic of silicate compounds
are observable at around 620 cm−1 for Si−O bond stretching, and at
535 and 465 cm−1 for Si−O bond bending [31,51,52]. Bands related to
phosphorus were not observed, a result which can be explained by the
low amount of P2O5 (1.72 mol%) in the system. Furthermore, the in-
tense bands assigned to silicate groups overlap with some phosphate
bands at around 1200 and 800 cm−1 for P−O bond stretching, and
about 650 to 400 cm−1 for O−P−O bond bending related to the
phosphate ions (PO4

3−) vibrations [53].
The BET surface area found for Bioglass®, Biosilicate®, and Bio-FP

were 0.71, 0.79, and 0.63 m2/g, respectively, which are values typical
for materials synthetized at high temperature. The doped samples were
not analyzed, but similar values are expected because the thermal
treatment applied for their synthesis was the same as that used for Bio-
FP (1000 °C/480 min).

3.2. Evaluating in vitro bioactivity with ICG-TC04 method

By conducting the in vitro bioactivity test, we observed the forma-
tion of an HCA layer on sample surfaces from the time of 24 h. In the X-
ray diffractograms of the Bioglass®, shown in Fig. 5, prior to the test
(0 h) their glassy nature was confirmed by a broad halo centered at
approximately 32° (2θ), which is typical of silicate glasses. After 12, 24,
and 672 h of immersion in SBF, the formation of HCA is evident from
24 h by the presence of two intense peaks, near 26 and 32° (2θ), cor-
responding to (002) and (121) atomic plane diffractions of the HCA-like
phase Ca5(PO4)3OH (PDF #84-1998). This association with HCA is
made because the formation of pure hydroxyapatite on the glass surface
is less likely to occur in SBF. This solution contains bicarbonate ions
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(HCO3
−) and the hydroxyapatite is saturated with respect to slightly

carbonated apatite, where orthophosphates are generally replaced by
carbonates in the crystal lattice [30,54]. These main peaks increased
with increasing testing time, and new peaks of low intensity appeared
at approximately 40, 44, 50, 53, and 64° (2θ), corresponding, respec-
tively, to the (310), (113), (123), (004), and (233) atomic planes in the
hydroxyapatite lattice, which correlate with the increase in crystal-
linity.

The time of 24 h for the formation of HCA on the surface of the

Bioglass® particles was the same as that reported by Maçon and co-
authors [30]. Even the granulometry (25–75 versus 45–90 μm) and
specific surface area (0.71 versus 0.24 m2/g) of the material used here
having a small variation compared to those of the aforementioned au-
thors did not significantly affect in vitro bioactivity. For the Bioglass®,
checking for HCA formation was easy and fast using XRD because it is a
glassy material and the diffracted peaks that arise can be easily loca-
lized and characterized. In addition, the superficial change of the
samples can also be accompanied by the presence of a new halo at
∼22.50° (2θ), correlated to the formation of amorphous silica
[1–3,37,51], which also increased in intensity as a function of the
testing time.

For the crystalline samples (Biosilicate® and Bio-FP), the identifi-
cation of the HCA layer formation required a more careful analysis.
Biosilicate® and Bio-FP are constituted mostly by the Na2CaSi2O6 crystal
phase, and their diffraction pattern shows intense peaks in the same
region (∼25 and 34° (2θ)) as those of the HCA. Thus, although it was
possible to identify the broad peaks at ∼26 and 32° (2θ), both of which
indicate the formation of HCA in the diffractograms of these samples
from 24 h, as shown in Fig. 6, their intensities were low. Even with the
testing time of 672 h, these peaks did not stand out in the diffracto-
grams, showing only a small increase in intensity. Despite this problem,
the superficial change of the samples can also be accompanied by the
formation of a halo centered at ∼22° (2θ), and by the decrease in in-
tensity of some intrinsic peaks of the Na2CaSi2O6 phase. Therefore, the
ICG-TC04 method is also effective for evaluating the in vitro bioactivity
of crystalline materials. However, for crystalline samples, particularly
those with intense diffracted peaks at around 26 and 32° (2θ), the test
needs to be performed carefully so that there is no misunderstanding

Fig. 2. XRD patterns of Bio-FP, Bio-FP(Ag3), Bio-FP
(Mg3), Bio-FP(Sr3), Bio-FP(Zn3), and Bio-FP(Ga3):

= Na2CaSi2O6 (PDF #77-2189); and = Na2Ca2

Si3O9 (PDF #22-1455).

Fig. 3. Variation of free energy ( Go
f ) as a function of temperature for for-

mation of Ag2O.
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because the results will not be as evident as in the case of glassy sam-
ples.

As shown by the SEM micrographs in Fig. 7, the morphology of the
sample surfaces presented a certain change after various immersion
times in SBF, resulting in a mixed polycrystalline thin layer of HCA.
Prior to the test, the morphology of the particles was regular and
smooth. After a test with duration of 24 h, the formation of a thin rough
layer was noted. This layer grew as a function of time, but until 672 h it
did not cover the entire surface of the particles homogeneously, a result
which helps to explain, along with its small thickness, the high signal
generated by the unreacted region (below this layer) of the samples, as
observed in the X-ray diffractograms demonstrated in Figs. 5 and 6
(especially for crystalline ones).

Samples containing 0.5 mol% Ag, Mg, Sr, Zn, and Ga also exhibited
HCA formation with 24 h immersion in SBF (diffractograms not shown).
For the samples containing 1 and 3 mol%, the HCA formation was
verified only after 120 h, as demonstrated in Fig. 8 for those doped with
higher concentrations. The in vitro bioactivity of these samples de-
creased, and this effect was also observed with the modification of some
glass compositions seeking for new properties and specific therapeutic
activity [5,6]. For example, in a round robin study to validate the new
ICG-TC04 method [30], a tested sample with similar composition to
that of Bioglass® containing 2.4 mol% SrO exhibited the HCA formation
from the testing time of 72 h in six of eight different laboratories where
the tests were performed.

Beyond the characteristic peaks of the HCA that appear at ∼26 and
32° (2θ), and the halo at ∼22° (2θ), relative to the presence of amor-
phous silica, in the set of samples Bio-FP(Ag) immersed in SBF it was
also possible to identify the formation of silver chloride (AgCl). A sharp
peak appeared at ∼32.24° (2θ) after the first testing time of 3 h. This
peak surpassed that of the HCA located in the same region, as can be
observed in Fig. 8. Other low intensity peaks at approximately 27.82,
46.22, 54.86, and 57.54° (2θ) were also noted in the diffractogram
confirming the AgCl formation, which could be monitored indirectly by
the color change of the samples during each testing time. In the SBF
solution, chloride ions (Cl−) are present [40], which react with Ag+

released from the sample forming a precipitate of AgCl due to their
solubility product constant being low (K psAgCl = 1.77 × 10−10) —
exhibiting a solubility in aqueous medium of approximately
1.9 × 10−3 g/L [48]. The presence of silver chloride did not inhibit
HCA formation, but we did not find in the literature its influence on the
biological properties of similar bioactive materials, an area which needs
to be further investigated.

Fig. 9 illustrates the variations in pH as a function of the immersion
time of samples in SBF. With the exception of the Bioglass®, which
presented the largest global variation, reaching a mean value of 8.7 in

Fig. 4. FTIR spectra of Bio-FP, and Bio-FP(Ag), Bio-FP(Mg), Bio-FP(Sr), Bio-FP(Zn), and Bio-FP(Ga) doped with 0.5 and 3 mol%.

Fig. 5. XRD patterns of Bioglass® before and after immersion in SBF for 12, 24,
and 672 h: = Ca5(PO4)3OH (PDF #84-1998).
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the last testing time (672 h), the other samples demonstrated very si-
milar behavior. They provided a rapid variation in the first hours,
reaching a pH of ∼8.2 and remained around this value until the last
test. Hence, the incorporation of Ag, Mg, Sr, Zn, and Ga in some

crystalline samples, with a concentration range of 0.5–3 mol%, did not
cause a significant reduction in their solubility because the pH variation
has a relationship with this property [1–3,30,31,37,51]. Bioglass®, for
example, is a glassy material and tends to have a higher solubility than

Fig. 6. XRD patterns of Biosilicate® and Bio-FP be-
fore and after immersion in SBF for 12, 24, and
672 h: = Na2CaSi2O6 (PDF #77-2189); = Na2-
Ca2Si3O9 (PDF #22-1455); and = Ca5(PO4)3OH
(PDF #84-1998).

Fig. 7. SEM micrographs of Bioglass®, Biosilicate®, and Bio-FP before and after immersion in SBF for 24 and 672 h.
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its crystalline counterparts (considering similar compositions). This
phenomenon could be observed by the higher pH variation that it
promoted in the test, due to the number of cations (Na+ and Ca2+)
exchanged from the sample with H+ to the SBF solution. These results
show a correlation with observations verified in the antibacterial ac-
tivity assays, as discussed below, in which only the intrinsic effect of
some incorporated elements, particularly silver, was found. The in-
crease in their concentrations did not intensify the antibacterial effect
against the tested microorganisms.

3.3. Evaluation of antibacterial activity

3.3.1. Agar dilution method
Bioglass®, Biosilicate®, and Bio-FP showed inhibitory activity for

most of the bacteria evaluated in the concentration range of 0.5–24 mg/
mL, as shown in Table 2. MIC values found for the samples containing
Ag, Mg, Sr, Zn, and Ga are shown in Tables 3 and 4. The low values of
MIC found for the chlorhexidine gluconate solution compared to the
samples were expected because it is a well-known disinfectant and was
used as a positive control of the method to confirm bacterial death.

In general, the MIC values found for Bioglass® were similar to those
determined for Biosilicate® and Bio-FP. From the total of 23 bacteria
evaluated, the anaerobic P. micros (clinical isolate), A. viscosus (clinical
isolate), A. naeslundii (clinical isolate), P. intermedia (clinical isolate), B.
fragilis (ATCC 25285), P. nigrescens (ATCC 33563), P. buccae (clinical
isolate), and the aerobic E. faecalis (ATCC 4082/clinical isolate) were
not sensitive to the materials in the range of 0.5–24 mg/mL. The highest
concentration (24 mg/mL) of the samples established for the assays was
not sufficient to promote an effect in these bacteria, although this result
does not mean that such an effect would not be observed at higher
concentrations. Although the samples containing Ag, Mg, Sr, Zn, and Ga
have shown an effect against P. nigrescens (ATCC 33563), the inhibitory
effect against all other bacteria was only observed with the samples

containing silver in their composition, as can be seen in Tables 3 and 4.
Hence, the intrinsic effect of Ag is apparent, with this element already
being well known for its broad spectrum antimicrobial activity [16,17].

Assessing the antibacterial activity of 0.05, 0.1, and 0.2 μg/mL
silver ion solutions, Jung and coauthors [55] demonstrated the better
efficacy of these solutions against Gram-negative E. coli compared to
Gram-positive S. aureus. According to these authors, this observation
was possibly due to differences in the cell wall of each type of bacteria
— Gram-positive bacteria have a thick layer of peptidoglycan, which
may prevent the action of the silver ions through the bacterial cell wall
in relation to the Gram-negative bacteria. Checking this hypothesis by
transmission electron microscopy, they demonstrated considerable
changes in bacterial cell membranes upon silver ion treatment which
have been the cause or consequence of cell death, besides helping to
explain the different cellular responses for both Gram-positive and
-negative bacteria. Undoubtedly, these data are very interesting and
enrich the discussion because our results in Table 3 for the samples
containing silver followed the same trend. In general, with the lowest
MIC values were achieved for Gram-negative F. nucleatum, P. inter-
media, P. gingivalis, B. fragilis, P. nigrescens, and P. buccae when com-
pared with the Gram-positive bacteria evaluated.

Analyzing other doped samples, even those containing 6 mol% of Ga
and Zn (data not shown), elements with recognized activity against
certain microorganisms when incorporated in similar materials
[24,56–58], demonstrated no effect. Clearly, such comparisons are only
qualitative because this property depends on the degradation rate of the
material, the concentration of the dopant, and also the type of micro-
organism evaluated. For example, when boron (B) is employed for the
formulation of borate glasses (high concentrations), it contributes to
antimicrobial activity [59], in addition to being considered a potential
stimulating agent in the process of bone regeneration [5,60]. On the
other hand, the incorporation of small amounts (2 wt%) of B2O3 into
Bioglass® does not seem to promote an effect, at least against S. aureus

Fig. 8. XRD patterns of Bio-FP(Ag3), Bio-FP(Mg3),
Bio-FP(Sr3), Bio-FP(Zn3), and Bio-FP(Ga3) after im-
mersion in SBF for 120 h: = Na2CaSi2O6 (PDF
#77-2189); = Ca5(PO4)3OH (PDF #84-1998); and

= AgCl (PDF #31-1238).
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[61].
For the set of samples Bio-FP(Ag), increasing the silver content from

0.5 to 3 mol% provided an improvement in the results, decreasing the
MIC values required for the inhibition of most bacteria. This tendency
was also observed only for the samples Bio-FP(Sr) against S. salivarius
(ATCC 33478/clinical isolate) and S. sanguinis (ATCC 10556), as shown
in Tables 3 and 4. Another factor (together with dopant concentration)
that did not influence the antibacterial activity of the materials was
particle size variation. In this study, we used powders with particle sizes
of less than 5 μm, except for the set of samples Bio-FP(Ag), which were
reactive during wet milling. The propan-2-ol oxidized while the silver
ions reduced, causing the formation of a dark brown pasty mixture.
Consequently, we used powders with a granulometry of less than
25 μm, obtained by manual grinding in an agate mortar. Moreover, a
sample of Bioglass® (data not shown) with the same granulometry
(< 25 μm) was tested, and there was no statistical difference in the
results compared with the samples with particle sizes < 5 μm.

Comparing our results with those reported by Martins and collea-
gues [42], we also did not find a significant difference in relation to the
particle sizes. In that study, the authors evaluated the antimicrobial
activity of Biosilicate® using the same method (agar dilution) but
starting from a sample with particle sizes of 0.1–20 μm. Although this
variation in granulometry on the microscale did not influence the an-
tibacterial activity of the material, a reduction to nanoscale, on the
other hand, makes a noticeable difference. The antibacterial properties
of interest observed for Bioglass®, in the case of commercially available
versions such as PerioGlas, are usually attributed to the continuous
release of alkaline species in the medium where it is inserted. Testing
the hypothesis that, with a larger surface area, a nanometric glass re-
leases more alkaline species and, consequently, has a more pronounced
antibacterial effect, Waltimo and coauthors [62] synthesized powders

with particle sizes of approximately 30 nm and composition close to
that of Bioglass®. When immersed in a phosphate-buffered saline solu-
tion (PBS), this sample promoted a 10-fold increase in the silica release
and the pH reached values close to 12 versus 8 when compared with the
PerioGlas with particle sizes of ∼100 μm. The higher solubility of this
nanometric glass provided a substantial increase in antibacterial ac-
tivity against E. faecalis (ATCC 29212/clinical isolate), which, as we
have seen in the present study, are quite resistant to the presence of
similar materials of the SiO2−CaO−Na2O−P2O5 system.

Therefore, an explanation for not observing a difference in the re-
sults of MIC comparing the materials evaluated is that they have very
close degradation rates in an aqueous medium. This suggestion could be
verified indirectly by the result shown in Fig. 9 regarding the pH var-
iation monitored in SBF during the in vitro bioactivity test. The pH
reached values of approximately 8.2 after a rapid variation in the first
hours and was practically constant until the end of the test, with a
duration of 672 h. These data indicate that the samples exhibited some
degree of antibacterial effect with consequent elevation of pH of the
medium, leading to a rapid change in local osmotic pressure, causing
cellular injury. In addition, although it was not possible to verify a
considerable influence of the variation in Mg, Sr, Zn, and Ga con-
centration in the samples, their presence also contributed to promoting
an inhibitory effect. The highlight is the samples containing Ag, due to
their higher broad spectrum of action achieved with the incorporation
of this element. It is important to note that the minimum bactericidal
concentration reported for silver ions is approximately 0.1 mg/L and
their cytotoxic levels for human cells are > 1.6 mg/L [63]. Thus, the set
of samples Bio-FP(Ag) and those doped with different elements should
be studied regarding their ion release profile and cytotoxicity, so that
new applications can be successfully designed.

Finally, it should be mentioned that the antibacterial effect of the

Fig. 9. Variations in pH as a function of immersion time of samples in SBF: A) Bioglass®, Biosilicate® and Bio-FP; B) set of samples Bio-FP(Ag); C) set of samples Bio-FP
(Mg); D) set of samples Bio-FP(Sr); E) set of samples Bio-FP(Zn); and F) set of samples Bio-FP(Ga).
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samples against standard strains and the clinical isolates, in general,
were similar, having only a higher sensitivity of the S. sanguinis clinical
isolate when compared with the standard strain (ATCC 10556). These
results indicate that both standard strains, as well as the clinical

isolates, showed practically the same behavior in the presence of the
different samples evaluated, which enables these materials to be tested
in procedures of prophylaxis and treatments of oral infections. It is
worth emphasizing that all of these materials presented a broad spec-
trum of antibacterial activity even in a low concentration range
(0.5–24 mg/mL), which is much lower than those normally used in
dental applications.

3.3.2. Biofilm-forming capability
Table 5 illustrates the result of the biofilm-forming capability assay

for Bioglass®, Biosilicate®, and Bio-FP, in which it is possible to observe
the inhibition of bacterial biofilm formation for all microorganisms.
Because the undoped sample Bio-FP already exhibited a bactericidal
effect similar to Bioglass® and Biosilicate®, used as a reference, we did
not analyze the samples containing Ag, Mg, Sr, Zn, and Ga. Evaluating
alumina as a negative control, we can infer that it had no effect on
inhibiting bacteria, and the results observed for the other samples are
solely due to their nature. The alumina is a very stable material and did
not exhibit any antibacterial activity. Consequently, the positive results
are directly related to the different samples tested, without interference
from the culture medium. An example of sample's stability that is not
completely inert, consequently with low solubility and antibiofilm ef-
fect, is a gel-glass with 80 mol% SiO2 [45]. This glass is bioactive and
can promote stem cell proliferation, but its relative stability in an
aqueous medium demonstrates that the S. mutans biofilm has the ca-
pacity to adhere to the glass surface, thus not promoting an unfavorable
environment capable of inhibiting biofilm formation — at least for this
bacterium.

Regarding the bacteria selected for this assay, most of them are
commonly associated with failures in endodontic treatment and root
canal infection [64–66]. In addition, a consequence of biofilm forma-
tion by oral bacteria is their ability to increase tolerance to anti-
microbial agents, including those used in toothpastes, mouthwashes,
and antibiotics, as well as the pathogenic synergism [67]. Therefore,
the results of the antibiofilm effect shown in Table 5 are significant
because they demonstrate that Bio-FP has a strong antibacterial prop-
erty, similar to Bioglass® and Biosilicate®, being capable of inhibiting

Table 2
MIC (mg/mL) values for Bioglass®, Biosilicate®, and Bio-FP. Positive control:
chlorhexidine gluconate.

Bacteria Positive
control

Bioglass® Biosilicato® Bio-FP

P. micros (clinical isolate) 0.128A,a > 24A,b > 24A,b > 24A,b

A. viscosus (clinical isolate) 0.064B,a > 24A,b > 24A,b > 24A,b

A. naeslundii (ATCC
19039)

0.016C,a 4B,b 4B,b 8B,c

A. naeslundii (clinical
isolate)

0.008C,a > 24A,b > 24A,b > 24A,b

F. nucleatum (ATCC 25586) 0.032C,a 16C,b 16C,b 4C,c

F. nucleatum (clinical
isolate)

0.001C,a 16C,b 16C,b 4C,c

P. intermedia (clinical
isolate)

0.016C,a > 24A,b > 24A,b > 24A,b

P. gingivalis (ATCC 33277) 0.016C,a 4B,b 4B,b 4C,b

P. gingivalis (clinical
isolate)

0.001C,a 8D,b 8D,b 4C,c

B. fragilis (ATCC 25285) 2.04D,a > 24A,b > 24A,b > 24A,b

P. nigrescens (ATCC 33563) 0.016C,a > 24A,b > 24A,b > 24A,b

P. buccae (clinical isolate) 0.032C,a > 24A,b > 24A,b > 24A,b

S. salivarius (ATCC 25975) 0.002A,a 2A,b 2A,b 8A,c

S. salivarius (clinical
isolate)

0.002A,a 2A,b 2A,b 8A,c

E. faecalis (ATCC 4082) 0.008A,a > 24B,b > 24B,b > 24B,b

E. faecalis (clinical isolate) 0.008A,a > 24B,b > 24B,b > 24B,b

S. sobrinus (ATCC 33478) 0.001A,a 4C,b 8C,c 2C,d

S. mutans (ATCC 25175) 0.001A,a 4C,b 4D,b 2C,c

S. sanguinis (ATCC 10556) 0.002A,a 8D,b 8C,b 8A,b

S. sanguinis (clinical
isolate)

0.004A,a 16E,b 0.5E,c 16E,b

S. mitis (ATCC 49456) 0.002A,a 8D,b 2A,c 2C,c

L. casei (ATCC 11578) 0.002A,a 4C,b 4D,b 1D,c

L. casei (clinical isolate) 0.002A,a 4C,b 4D,b 1D,c

*Different letters indicate statistical difference (significance equal to 95%).

Table 3
MIC (mg/mL) values for the set of samples Bio-FP(Ag) and Bio-FP(Mg).

Bacteria Ag Mg

0.5% 1% 3% 0.5% 1% 3%

P. micros (clinical isolate) 24A,a 24A,a 16A,b > 24A,a > 24A,a > 24A,a

A. viscosus (clinical isolate) 4B,a 4B,a 4B,a > 24A,a > 24A,a > 24A,a

A. naeslundii (ATCC 19039) 2D,a 2D,a 1C,a 8B,a 8B,a 8B,a

A. naeslundii (clinical isolate) 8C,a 8C,a 4B,b > 24A,a > 24A,a > 24A,a

F. nucleatum (ATCC 25586) 1D,a 1D,a 1C,a 8B,a 8B,a 8B,a

F. nucleatum (clinical isolate) 1D,a 1D,a 1C,a 8B,a 8B,a 8B,a

P. intermedia (clinical isolate) 4B,a 4B,a 2C,b > 24A,a > 24A,a > 24A,a

P. gingivalis (ATCC 33277) 1D,a 1D,a 1C,a 4C,a 4C,a 4C,a

P. gingivalis (clinical isolate) 4C,a 4C,a 4C,a 4C,a 4C,a 4C,a

B. fragilis (ATCC 25285) 4A,a 16E,b 8D,c > 24A,a > 24A,a > 24A,a

P. nigrescens (ATCC 33563) 8C,a 8C,a 8D,a 4C,a 4C,a 4C,a

P. buccae (clinical isolate) 8C,a 8C,a 8D,a > 24A,a > 24A,a > 24A,a

S. salivarius (ATCC 25975) 16A,a 16A,a 8A,b 8A,a 8A,a 8A,a

S. salivarius (clinical isolate) 16A,a 8B,b 4B,c 8A,a 8A,a 8A,a

E. faecalis (ATCC 4082) 16A,a 16A,a 8A,b > 24B,a > 24B,a > 24B,a

E. faecalis (clinical isolate) 16A,a 16A,a 8A,b > 24B,a > 24B,a > 24B,a

S. sobrinus (ATCC 33478) 4B,a 8B,b 2C,c 2C,a 2C,a 2C,a

S. mutans (ATCC 25175) 8C,a 8B,a 2C,b 2C,a 2C,a 2C,a

S. sanguinis (ATCC 10556) 16A,a 8B,b 4B,c 8A,a 8A,a 8A,a

S. sanguinis (clinical isolate) 1D,a 1C,a 1C,a 2C,a 2C,a 2C,a

S. mitis (ATCC 49456) 2D,a 2C,a 2C,a 1D,a 1D,a 1D,a

L. casei (ATCC 11578) 4B,a 4D,a 4B,a 4E,a 4E,a 4E,a

L. casei (clinical isolate) 4B,a 4D,a 1C,b 2C,a 2C,a 2C,a

*Different letters indicate statistical difference (significance equal to 95%).
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biofilm formation of microorganisms responsible for some oral diseases
— setting up an alternative to solve the emergent problem of increasing
bacterial resistance.

3.3.3. Direct contact method
The results of the direct contact assay shown in Table 6 reinforce

those of the biofilm-forming capability previously demonstrated. Here,
it was possible to confirm the high antibacterial effect of the tested

Table 4
MIC (mg/mL) values for the set of samples Bio-FP(Sr), Bio-FP(Zn), and Bio-FP(Ga).

Bacteria Sr Zn Ga

0.5% 1% 3% 0.5% 1% 0.5% 0.5% 0.5% 3%

P. micros (clinical isolate) > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a

A. viscosus (clinical isolate) > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a

A. naeslundii (ATCC 19039) 8B,a 8B,a 8B,a 8B,a 8B,a 16B,a 16B,a 16B,a 16B,a

A. naeslundii (clinical isolate) > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a

F. nucleatum (ATCC 25586) 4C,a 4C,a 4C,a 8B,a 8B,a 8C,a 8C,a 8C,a 8C,a

F. nucleatum (clinical isolate) 8B,a 8B,a 8B,a 8B,a 8B,a 16B,a 16B,a 16B,a 16B,a

P. intermedia (clinical isolate) > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a

P. gingivalis (ATCC 33277) 2D,a 2D,a 2D,a 4C,a 4C,a 8C,a 8C,a 8C,a 8C,a

P. gingivalis (clinical isolate) 4C,a 4C,a 4C,a 8B,a 8B,a 8C,a 8C,a 8C,a 8C,a

B. fragilis (ATCC 25285) > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a

P. nigrescens (ATCC 33563) 4C,a 4C,a 4C,a 8B,a 8B,a 8C,a 8C,a 8C,a 8C,a

P. buccae (clinical isolate) > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a > 24A,a

S. salivarius (ATCC 25975) 16A,a 8A,b 8A,b 8A,a 8A,a 16A,a 16A,a 16A,a 16A,a

S. salivarius (clinical isolate) 16A,a 8A,b 8A,b 8A,a 8A,a 16A,a 16A,a 16A,a 16A,a

E. faecalis (ATCC 4082) > 24B,a > 24B,a > 24B,a > 24B,a > 24B,a > 24B,a > 24B,a > 24B,a > 24B,a

E. faecalis (clinical isolate) > 24B,a > 24B,a > 24B,a > 24B,a > 24B,a > 24B,a > 24B,a > 24B,a > 24B,a

S. sobrinus (ATCC 33478) 2C,a 2C,a 2C,a 2C,a 2C,a 4C,a 4C,a 4C,a 4C,a

S. mutans (ATCC 25175) 2C,a 2C,a 2C,a 2C,a 2C,a 2C,a 2C,a 2C,a 2C,a

S. sanguinis (ATCC 10556) 16A,a 8A,b 8A,b 8A,a 8A,a 24D,a 24D,a 24D,a 24D,b

S. sanguinis (clinical isolate) 8E,a 8E,a 8E,a 8A,a 8A,a 1E,a 1E,a 1E,a 1D,a

S. mitis (ATCC 49456) 2C,a 2C,a 2C,a 2C,a 2C,a 2E,a 2E,a 2E,a 2C,a

L. casei (ATCC 11578) 4D,a 4D,a 4D,a 4D,a 4D,a 4C,a 4C,a 4C,a 4C,a

L. casei (clinical isolate) 2C,a 2C,a 2C,a 2C,a 2C,a 4C,a 4C,a 4C,a 4C,a

*Different letters indicate statistical difference (significance equal to 95%).

Table 5
Mean and standard deviation (log) of bacterial growth (CFU/mL) in biofilm-forming capability assay for Bioglass®, Biosilicate®, and Bio-FP. Negative control:
alumina.

Bacteria Bioglass® Biosilicato® Bio-FP Negative control

A. naeslundii (ATCC 19039) 0 ± 0.00 0 ± 0.00 0 ± 0.00 6.90 ± 0.54
F. nucleatum (ATCC 25586) 0 ± 0.00 0 ± 0.00 0 ± 0.00 8.22 ± 0.76
F. nucleatum (clinical isolate) 0 ± 0.00 0 ± 0.00 0 ± 0.00 8.65 ± 1.13
P. gingivalis (ATCC 33277) 0 ± 0.00 0 ± 0.00 0 ± 0.00 9.26 ± 1.18
P. gingivalis (clinical isolate) 0 ± 0.00 0 ± 0.00 0 ± 0.00 8.15 ± 0.73
P. nigrescens (ATCC 33563) 0 ± 0.00 0 ± 0.00 0 ± 0.00 8.16 ± 0.98

S. sobrinus (ATCC 33478) 0 ± 0.00 0 ± 0.00 0 ± 0.00 7.52 ± 1.12
S. mutans (ATCC 25175) 0 ± 0.00 0 ± 0.00 0 ± 0.00 8.19 ± 1.61
S. mitis (ATCC 49456) 0 ± 0.00 0 ± 0.00 0 ± 0.00 7.90 ± 0.65
L. casei (ATCC 11578) 0 ± 0.00 0 ± 0.00 0 ± 0.00 8.30 ± 1.71
L. casei (clinical isolate) 0 ± 0.00 0 ± 0.00 0 ± 0.00 7.84 ± 1.49

Table 6
Mean and standard deviation (log) of bacterial growth (CFU/mL) in direct contact assay for Bioglass®, Biosilicate®, and Bio-FP. Negative control: alumina.

Bacteria Initial count Bioglass® Biosilicate® Bio-FP Negative control

Time: 0 mim 10 min 60 mim 10 min 60 mim 10 min 60 mim 10 min 60 mim

A. naeslundii (ATCC 19039) 9.5 0 ± 0.0 0 ± 0.0 9.9 ± 0.1 0 ± 0.0 0 ± 0.0 0 ± 0.0 10.0 ± 0.9 10.5 ± 0.8
F. nucleatum (ATCC 25586) 9.5 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 10.1 ± 0.7 10.1 ± 0.8
F. nucleatum (clinical isolate) 9.5 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 10.0 ± 0.9 10.1 ± 0.8
P. gingivalis (ATCC 33277) 9.5 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 9.2 ± 0.6 9.4 ± 0.3
P. gingivalis (clinical isolate) 9.5 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 9.9 ± 0.7 10.1 ± 0.8
P. nigrescens (ATCC 33563) 9.4 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 9.0 ± 0.9 9.5 ± 0.6

S. sobrinus (ATCC 33478) 9.3 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 9.9 ± 0.4 0 ± 0.0 9.7 ± 0.8 9.7 ± 0.5
S. mutans (ATCC 25175) 9.1 0 ± 0.0 0 ± 0.0 10.5 ± 0.1 0 ± 0.0 0 ± 0.0 0 ± 0.0 9.7 ± 0.9 9.8 ± 0.9
S. mitis (ATCC 49456) 9.9 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 9.7 ± 0.6 10.3 ± 0.5
L. casei (ATCC 11578) 9.5 0 ± 0.0 0 ± 0.0 10.08 ± 0.4 0 ± 0.0 10.1 ± 0.3 10.1 ± 0.5 9.8 ± 0.4 10.1 ± 0.8
L. casei (clinical isolate) 9.5 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 9.3 ± 0.4 9.4 ± 0.8
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materials because the Bioglass® (positive control), Biosilicate®, and Bio-
FP practically eliminated all viable cells after only 10 min of contact
with the bacteria. On the other hand, we observed a small increase in
the number of CFUs in the negative control (Al2O3) when comparing
the initial count, at zero time, and after 10 and 60 min. Again, this
result provides strong evidence that the observed antibacterial effect is
exclusive to the materials, and there is no external interference.

In relation to the bacteria evaluated in the direct contact method,
we highlight the effect of these materials against F. nucleatum (ATCC
25586/clinical isolate) and P. nigrescens (ATCC 33563), which pre-
sented less susceptibility in the MIC assay. In the case of E. faecalis
(ATCC 4082), which also demonstrated a higher resistance, and for the
other bacteria that form biofilms and were not evaluated by this
method, we can expect similar results based on data published by
Martins et al. [42] for Biosilicate®. Evaluating the effect of that material
against 20 microorganisms, these authors also verified that most of
them are eliminated in only 10 min. An exception was found for S.
aureus (ATCC 6538), which remained alive even after 60 min but with a
reduction from 5.3 to 2.6 ± 0.4 CFU/mL.

As shown in Table 6, all bacteria were eliminated in the first 10 min
of contact with Bioglass®. In the case of Biosilicate®, after 10 min it was
still possible to verify the presence of S. mutans (ATCC 25175), L. casei
(ATCC 11578), and A. naseslundii (ATCC 19039), but all bacteria were
eliminated by 60 min. For the Bio-FP, viable cells of S. sobrinus (ATCC
33478) and also L. casei (ATCC 11578) were identified after the first
10 min. At 60 min, only S. sobrinus (ATCC 33478) was completely ex-
tinct. These data are somewhat discrepant because Biosilicate® and Bio-
FP are very similar in composition and structure. During the test, some
experimental error may have occurred; however, this possibility does
not invalidate most of the results, which are consistent as a whole.

Among the possible mechanisms that may explain the high anti-
bacterial activity observed for the Bioglass®, Biosilicate®, and Bio-FP in
this direct contact assay, involving the intimate contact of the bacteria
with the material, we can mention the pH increase and the osmotic
pressure effect [8,9]. Debris released from the materials in the medium
may also have had an influence [10]. To verify the effect of pH, we
measured its variation for the tested samples, immersing them in a
0.9% NaCl solution, reproducing the conditions used in the direct
contact assay (proportion of 50 mg/mL). As shown in Fig. 10, all sam-
ples promoted an increase in pH — Bioglass®, Biosilicate®, and Bio-FP
essentially by the release of alkaline species with dissolution, and Al2O3

because that compound behaves as a weak base in an aqueous medium,
preferentially adsorbing H+ and, consequently, increasing the pH.

Starting from ∼6, the pH reached a value of approximately 11 for
Bioglass®, Biosilicate®, and Bio-FP after 10 min, while for alumina the
pH was found to be 9.6. The most abrupt change occurred in the first

10 min, with only a small pH variation up to 60 min. Therefore, the
increase in pH seems to play a role in the antibacterial effect of these
materials, even with a variation of only ∼1.4, which was observed
between the tested samples and the negative control. It is important to
note that the pH is presented in a log scale, thus the change in hydroxyl
ions (OH−) in the medium related to the pH variation corresponds to
two orders of magnitude, as shown in Table 7 — results that potentially
helping to explain the data shown in Table 6. For tested samples, the
number of viable cells zeroed for almost all bacteria after 10 min,
whereas in the negative control, this value increased. Thus, we can
relate the antibacterial effect observed to the increase in pH, but it is
important to mention the release of some ions, such as Ca2+, which can
cause the death of bacteria promoting the depolarization of their cell
membrane, as a consequence of the high ion concentration at the in-
terface between the materials (particle) and bacteria (cell membrane)
[68]. The release of silica is also a factor that may contribute to anti-
bacterial activity. According to Waltimo et al. [62], because silica so-
lutions themselves have been suggested for food disinfection [69], an
ideal antimicrobial agent would combine high silica delivery, high pH,
and a high alkaline buffer capacity.

As mentioned previously, the set of samples Bio-FP(Ag), Bio-FP
(Mg), Bio-FP(Sr), Bio-FP(Zn), and Bio-FP(Ga) were not evaluated by
this method of direct contact because the Bio-FP already exhibited sa-
tisfactory results for the purpose of this study, with an effect compar-
able to the reference materials, Bioglass® and Biosilicate®. It is im-
portant to note that in addition to the good antibacterial activity
determined by the MIC (see Tables 2–4), doped samples may also have
important additional properties that could be investigated, such as os-
teogenic and anti-osteoporotic characteristics, in the case of those
containing Sr and Ga, for example. Obviously, these investigations
should be accompanied by a study involving their degradability, ion
release profile, and cytotoxicity.

4. Summary and conclusions

Bioactive ceramics of the SiO2−CaO−Na2O−P2O5 system con-
taining up to 3 mol% of Ag, Mg, Sr, Zn, and Ga were synthesized using a
solid-state reaction. All the materials showed good in vitro bioactivity,
with HCA layer formation after 24 h in vitro for samples doped with
0.5%, and after 120 h for those with 1 and 3 mol%. Although the
bioactive response decreased for high dopant concentrations, the doped
samples may have important additional properties, and thus warrant
future studies considering the importance of verifying their degrad-
ability rates, ion release profile, and cytotoxicity.

In testing the new ICG-TC04 bioactivity method (so far only tested
for glasses), we observed that it is also effective for evaluating the in
vitro bioactivity of crystalline materials. The method proved to be easy
to implement and rapid, besides requiring a small amount of sample.
However, for crystalline samples, particularly those with intense XRD
peaks at around 26 and 32° (2θ), the same region where the hydro-
xyapatite peaks are located, the analysis needs to be performed care-
fully.

Fig. 10. Variations in pH provided by Bioglass®, Biosilicate®, Bio-FP, and alu-
mina (negative control) as a function of immersion time in 0.9% NaCl solution.

Table 7
Molar concentration of hydroxyl ions related to pH variation.

Time (min) Alumina Bioglass® Biosilicate Bio-FP

[OH−] [OH−] [OH−] [OH−]

0 1.071 × 10−8 1.071 × 10−8 1.071 × 10−8 1.071 × 10−8

5 4.266 × 10−5 1.905 × 10−3 2.291 × 10−3 4.898 × 10−4

10 3.715 × 10−5 1.778 × 10−3 2.291 × 10−3 5.888 × 10−4

20 2.951 × 10−5 1.660 × 10−3 2.344 × 10−3 9.120 × 10−4

30 2.512 × 10−5 1.585 × 10−3 2.344 × 10−3 1.622 × 10−3

40 2.138 × 10−5 1.585 × 10−3 2.344 × 10−3 1.905 × 10−3

50 1.862 × 10−5 1.479 × 10−3 2.344 × 10−3 2.455 × 10−3

60 1.698 × 10−5 1.413 × 10−3 2.399 × 10−3 5.129 × 10−3
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The antibacterial activity of the resulting materials was evaluated
against 23 potentially pathogenic anaerobic and aerobic/micro-
aerophilic bacteria related to caries and endodontic infections. All
samples were tested in parallel with the reference materials Bioglass®

and Biosilicate®, and their expressive antibacterial activity was evident.
Although the increase of the Ag, Mg, Sr, Zn, and Ga content from 0.5 to
3% did not have a significant effect on the selected bacteria, the pre-
sence of Ag was clearly sufficient to amplify the activity spectrum
within the concentration range of 0.5–24 mg/mL, defined by MIC va-
lues in the agar dilution assay. In the biofilm-forming capability and
direct contact assays, in which the samples were intimately in contact
with the bacteria, 10 min was sufficient to eliminate almost all bacteria
evaluated. The same effect may be observed for shorter times, but this
supposition requires further investigation. In any case, because the
tested materials present a broad spectrum of activity, even at a low
concentration and being extremely effective in direct contact, they
could be tested for different applications, such as oral bone defect
treatments, root canal disinfection, and dental prophylaxis procedures.
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