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a b s t r a c t

Brazil has been the largest producer of niobium (Nb2O5) since 1980, and this material is usually applied
to reduce corrosion in alloys. In addition, it has recently been evaluated for use in other technological
areas, such as adsorption and catalysis. This paper presents the results of the antibacterial activity of
Nb–aluminum oxide, designated MAC–Nb5+, prepared by the non-hydrolytic sol–gel route. The resulting
material MAC–Nb5+ was characterized by several techniques including X-ray diffraction, thermal anal-
ysis, infrared absorption spectroscopy, differential pulse voltammetry, surface area measurements, and
scanning electron microscopy. The displacements of the bands due to Al–O and Al–OH in the infrared
spectra of MAC–Nb5+ in relation to alumina confirmed the coordination of Nb5+ ions to the surface and
on-hydrolytic

b–aluminum oxide
ntibacterial activity

inside the pores of the alumina matrix. The powder XRD of MAC–Nb5+ suggested that the material is
amorphous and that the niobium oxide is well-dispersed over the alumina matrix. Differential pulse
voltammetry revealed the redox process that involves Nb–O–Al. Results from the biological assays for
determination of the antibacterial activity of MAC–Nb5+ were obtained by the following methodologies:
determination of the minimum inhibitory concentration and antibacterial activity assay by agar diffusion.
It was observed that MAC–Nb5+ displays antibacterial activity against all the tested bacteria.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Applications of antibacterial materials have recently attracted
reat interest due to the worldwide concern about public health [1].
norganic antibacterial activity has been observed for several metal
ons dispersed in many types of matrices. Indeed, various ions such
s Ag+, Cu2+, Fe3+, Zn2+ and Nb5+ dispersed in such different matri-
es as clays, alumina and silica, by various methodologies, have
een employed. Some inorganic matrices such as zeolites, clays,
patite, phosphates, titanium oxides and glasses have also been
sed [2,3].

In this context, the sol–gel methodology has attracted a lot of
ttention from countless scientific and technological areas, due to
he possibility of inserting metallic ions via their coordination to

he surface of the support or their entrapment in the interior of

atrix pores, thereby giving rise to materials with distinct mor-
hologies, structures and chemical and biological characteristics
or different applications. The material properties depend on the

∗ Corresponding author.
E-mail address: ciuffi@unifran.br (K.J. Ciuffi).

381-1169/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.01.026
ability of the dispersed metallic ion to interact with the reactive
medium.

Our research group has recently, prepared alumina and alumi-
nosilicate matrices doped with cobalt ions by the non-hydrolytic
sol–gel route [4,5]. Although this route has been less reported
than the traditional hydrolytic method, it frequently allows bet-
ter control of the material’s properties, such as morphology. This is
because in the hydrolytic sol–gel route the hydrolysis and conden-
sation reactions generally take place at reaction rates that are too
fast, thereby resulting in loss of property control over the obtained
material [6].

The isomorphic substitution of Al3+ ions in alumina matrices
with metals like Nb5+ is responsible for the generation of new active
sites on the surface of the material. This makes alumina–Nb5+ good
candidates for the adsorption or fixation of metals, viruses, bacteria
and other harmful substances onto their surface. In addition, due
to their low cost and favorable thermal stability, alumina matrices

can be used as excellent carriers for the synthesis of antibacterial
materials.

Inorganic antibacterial agents have various industrial appli-
cations in environmental, food, synthetic textiles, packaging,
healthcare, and medical care products. In this sense, aluminum

dx.doi.org/10.1016/j.molcata.2011.01.026
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ciuffi@unifran.br
dx.doi.org/10.1016/j.molcata.2011.01.026
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xide nanoparticles and aluminum oxide nanoparticles modified
ith some metallic ions have a wide range of utilizations in both

ndustrial and personal care products. Sadiq et al. [7] have recently
eported a study on the antibacterial activity of aluminum oxide
gainst Gram-negative bacteria. According to these authors, their
ntibacterial activity is known to be a function of the surface area in
ontact with the bacteria. This is because a larger surface area pro-
oted adsorption and reactions with bio-organics on the matrix

urface [7].
The present work reports on optimized conditions for the prepa-

ation of an alumina matrix containing niobium in the powder form.
his material was obtained by a non-hydrolytic sol–gel route via
ondensation of aluminum chloride with diisopropyl ether, in the
resence of the niobium precursor. The obtained xerogel was dried
t 175 ◦C and characterized by several techniques. The antibacterial
ctivity of the material was also evaluated against standard strains
ound in the oral cavity.

. Experimental

All solvents and reagents were of analytical grade (Merck and
ldrich) unless otherwise stated. Dichloromethane (DCM) was sus-
ended on anhydrous CaCl2 for 2.5 h, filtered, distilled over P2O5
nd kept over 0.4 nm molecular sieves.

.1. Synthesis of Nb–alumina

Nb-precursor – the precursor was prepared by reaction of
otassium niobate (K8Nb6O19) with hydrochloric acid. Gels were
repared in oven-dried glassware. The solid material was syn-
hesized via modification of the method previously described in
he literature and modified by us [4,5,8,9]. Anhydrous aluminum
hloride (AlCl3, 14 g, 0.105 mol), diisopropyl ether (iPr2O, 35 mL,
.248 mol) and the niobium precursor (150 mg) were reacted
ith methanol in dry DCM (120 mL, previously distilled), under

eflux at 110 ◦C and argon atmosphere. A gel was formed after
h of reaction. After reflux, the mixture was cooled and aged
vernight in the mother liquor, at room temperature. Then, the
olvent was removed under vacuum. The solid, designated here-
fter MAC–Nb5+, was washed with several solvents in the following
rder: DCM, acetonitrile and methanol, and dried at 175 ◦C for
0 min.

Control reactions, or blank tests, were conducted with the alu-
ina matrix containing no niobium, which was prepared in the

ame way as the Nb precursor, but in the absence of the niobium
ons.

Thermal analyses (TG, DTA and DTG) were carried out in a TA
nstruments SDT Q600 simultaneous DTA–TGA thermal analyzer, in
he temperature range 25–1100 ◦C, at a heating rate of 20 ◦C/min
nd with an air flow of 100 mL min−1.

X-ray diffractograms (XRD) of the solids were taken in a Siemens
-500 diffractometer operating at 40 kV and 30 mA (1200 W), using
ltered Cu K� radiation and varying the angle from 2◦ to 65◦ 2�. All
he analyses were processed at a scan speed of 2◦ per minute.

Scanning electron microscopy (SEM) was performed using a
hillips CM 200 transmission electron microscope. Specimens for
EM analysis were prepared by grinding MAC–Nb5+ into finer
articles, which were subsequently deposited on carbon-coated
alladium films supported on 300-mesh capped grids.

Specific surface areas were determined by analyzing the nitro-

en adsorption isotherms according to the BET method [10] using
physical adsorption analyzer (Micrometrics AccSorb 2100E).

Differential pulse voltammetry (DPV) measurements were
ccomplished in a potentiostat/galvanostat (PARC, model 273). All
xperiments were carried out using a conventional three-electrode
talysis A: Chemical 338 (2011) 65–70

cell. The working electrode was built from a PVC body with a
graphite disk, which supports a carbon paste containing the sample
(alumina, niobate, or Nb–alumina). The carbon paste was prepared
by mixing high purity graphite (Fisher Scientific) and the samples
in a 9:1.5 (w/w) ratio with a few drops of oil. Ag/AgCl was used
as the reference electrode and platinum wire as the auxiliary elec-
trode. All measurements were conducted under high purity argon.
NaBF4 solutions (pH 1) were employed as supporting electrolyte.

Infrared absorption spectra (FTIR) were obtained on a
Perkin–Elmer 1739 spectrophotometer with Fourier transform,
using the KBr pellet technique. About 1 mg of sample and 300 mg
of KBr were used in the preparation of the pellets.

2.2. Antibacterial activity tests

Bacterial cultures used in the present studies were obtained
from the American Type Culture Collection (ATCC). A total of seven
bacterial strains were tested: Enterococcus faecalis ATCC 4082,
Streptococcus salivarius ATCC 25975, Streptococcus sanguinis ATCC
10556, Streptococcus mitis ATCC 49456, Streptococcus mutans ATCC
25175, Streptococcus sobrinus ATCC 33478 and Lactobacillus casei
ATCC 11578. These bacteria are found in the oral cavity and were
selected because they are related to the development of dental
caries and other mouth-related health problems.

All strains were kept in the laboratory and cryopreserved at
−86 ◦C. They were maintained in the brain-heart infusion (BHI)
broth containing 20% (v/v) glycerol at −80 ◦C. The mouth micro-
biota comprises over 700 bacterial species, detected by molecular
methods, but 50% of these species have not yet been cultured in the
lab [11].

2.3. Preparation of inoculums

All the bacterial strains mentioned above were incubated at
37 ± 0.1 ◦C for 24 h in BHI agar. Standardization of each bacteria sus-
pension was carried out at a wavelength (�) of 625 nm by means of
a spectrophotometer, to match the transmittance of 81, equivalent
to 0.5 McFarland scale (1.5 × 108 CFU mL−1).

2.4. Antibacterial assay by the agar diffusion (AD) method

The antibacterial activity of the samples was determined by AD,
using the well technique and employing the double-layer agar sys-
tem [12]. Brain heart infusion agar (25 mL) was poured into each
sterilized Petri dish (15 mm × 900 mm diameter). Next, a 12.5 mL
portion of the BHI agar (50 ◦C) and 2.5 mL of each test suspen-
sion were gently mixed and poured onto a previously set layer and
distributed in Petri dishes homogeneously. After solidification, the
seed layer was perforated with a sterilized stainless-steel cylin-
der (inside diameter = 4 mm), to form the wells. The latter were
located 25 mm away from the plate border and 40 mm halfway
from each other. MAC–Nb+, distilled water (negative controls), and
an aqueous solution of Periogard® (0.12% w/w, positive control)
were applied inside the wells. The plates were kept for 2 h at room
temperature, to allow diffusion of the agents through the agar
[13]. Afterwards, the plates were incubated at 37 ◦C under appro-
priate gaseous condition (E. faecalis and S. salivarius – aerobiosis;
S. sanguinis, S. mitis, S. mutans, S. sobrinus and Lactobacillus casei
– in microaerophilia using the candle jar technique) for 48 h. At

the end of the incubation period, inhibition zones formed on the
medium were measured in mm. The inhibitory zone was consid-
ered the shortest distance (mm) from the outside margin of the
well to the initial point of microbial growth. Three replicates were
accomplished for each bacterium.
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Fig. 1. TG, DTG, and DTA curves of MAC–Nb5+ performed in air atmosphere.

.5. Antibacterial assay by the minimum inhibitory concentration
MIC) method

The MIC determination for MAC–Nb5+ was carried out by the
icroplate dilution method [14]. Colonies from tryptic soy agar

TSA) supplemented with 5% blood sheep plates were suspended in
0.0 mL sterile tryptic soy broth (TSB). The samples were dissolved

n DMSO at 1 mg mL−1 and then diluted in tryptic soy broth, so that
oncentrations in the range 400–20 �L mL−1 would be achieved.
he final DMSO concentration was 3% (v/v), and this solution was
sed as negative control (concentrations ranging from 3 to 1%). The
icrobial suspension, TSB (100 �L), and MAC–Nb5+ were poured

nto a sterilized microplate. Chlorhexidine dihydrochloride (con-
entrations ranging from 0.115 to 5.9 �g mL−1) was used as positive
ontrol. After 24 h incubation at 37 ◦C, 0.02% resazurin aqueous
olution (30 �L) was poured into each microplate reservoir. The
evelopment of a red color was interpreted as positive growth,
hereas the appearance of a blue color was considered negative

rowth. The results are expressed as MIC, i.e., the minimum con-
entration which prevented visible bacteria growth (blue color).
riplicate experiments were performed for each bacterium.

. Results and discussion

.1. Thermal analysis (TG, DTA and DTG)

The thermal analysis of MAC–Nb5+ is depicted in Fig. 1. The ther-
ogravimetric analysis in air atmosphere gave evidence of 50%
ass loss (w/w), mainly between 50 and 600 ◦C. The first step

f mass loss occurring between 25 and 170 ◦C were assigned to
oss of weakly coordinated or adsorbed water molecules from the

aterial. The second mass loss step, taking place between 170 and
00 ◦C, that were attributed to loss of water and solvent molecules
rapped inside the pores, and of 300–600 ◦C correspond to the
yrolysis and the oxidation of residual groups [9].

.2. X-ray diffraction (XRD)

Fig. 2 shows the typical X-ray diffraction patterns of amorphous
lumina. Previous studies on alumina and aluminosilicate matrices

eported by our research group have demonstrated that the non-
ydrolytic sol–gel methodology furnishes amorphous materials
omposed by admixtures of oxides, oxihydroxides and oxychlo-
ides at low temperatures [4,5,8], which is a good indication that
o K8Nb6O19 segregation occurs during the synthesis of MAC–Nb5+,
Fig. 2. Powder X-ray diffraction patterns (2� 2–65◦) of alumina, K8Nb6O19 and
MAC–Nb5+.

and that the Nb5+ ions are well dispersed in the respective oxide
matrix. The present results reveal that the structure of alumina does
not change upon incorporation of Nb5+ ions. The peaks relative to
the niobate phase appear at 27.0◦ and 54.0◦ and are also present
in the XRD of MAC–Nb5+. Additionally, the characteristic peaks
in the XRD measurements suggest the existence of niobium and
amorphous alumina phases, and the significant difference observed
among the XRD patterns of MAC–Nb5+, niobate and amorphous alu-
mina confirm the presence of new phases consisting of Al2O3–Nb5+.

3.3. Scanning electron microscopy (SEM)

The micrograph of the MAC–Nb5+ particles is rough and irregu-
lar, with sizes lying between 200 and 333 �m. In addition, the grain
size of the doped samples decreased with the presence of Nb5+ such
was previously reported by Hsu [15]. The particles of MAC–Nb5+

obtained by sol–gel route when compared with Pechini’s and com-
bustion methods shows morphology more homogeneous. Also,
adhesion of particulates to the surface of larger particles, proba-
bly due to the maceration and/or grinding processes, is detected,
as seen in Fig. 3.

3.4. Infrared absorption (FTIR)

The infrared absorption spectra of alumina and the MAC–Nb5+

matrix are displayed in Fig. 4.
According to Colomban [16], the band relative to torsional vibra-

tional frequencies at 1640 cm−1 and the OH stretching bands at
3600 cm−1 evidence the presence of water due to the hydrated
forms of alumina. Vázquez et al. [17] have studied the vibrational
modes of alumina at frequencies higher than 1000 cm−1 and have
ascribed bands around 1555 cm−1 and the weak band at 1100 cm−1

to Al–OH stretching and Al–O, respectively.
On the basis of this study, we compared the FTIR spectrum of

the matrix containing the Nb5+ ion prepared by the non-hydrolytic
sol–gel route (MAC–Nb5+) with that of the alumina matrix with-
out Nb5+ (blank). The bands typical of the Al–OH bonds around
1436 cm−1 are shifted to 1453 cm−1. This demonstrates that an
interaction takes place between Nb5+ and the alumina matrix via

5+
the hydroxyl groups, to which the Nb ions might be coordinated.
In other words, the Nb5+ ions might be coordinated to the hydrox-
yls present either on the surface or in the interior of the matrix
pores. The band characteristic of the matrix Al–O bonds centered
at 1105 cm−1 is shifted to lower wavenumber, 1072 cm−1, in the
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Table 1
Assignments of infrared absorption bands of alumina and MAC–Nb5+.

Assignment Al2O3 (cm−1) MAC–Nb5+ (cm−1)

AlO6 condensed 601 584
AlO condensed 970 930
Fig. 3. SEM micrograph of MAC–Nb5

ase of MAC–Nb5+. This displacement is a result of the interaction
etween the coordinated Nb5+ and the alumina structure, thereby
ffecting the matrix Al–O bond stretching.

Another modification that can also occur in the matrix concerns
he stretching vibrations of the condensed octahedral AlO6 and
etrahedral AlO4, with bands centered at 601 cm−1 and 970 cm−1,
espectively. In the case of the MAC–Nb5+ matrix, these bands
re shifted to 584 cm−1 and 930 cm−1, respectively, demonstrating
ncorporation of the Nb5+ ions into the alumina matrix.

Thus, it can be concluded that the niobium present in the alu-
ina matrix can interact with the support by means of coordinative

inding on the surface and/or inside the pores, or it may substi-
ute some aluminum atoms in the structure by displacement of the
xisting AlO6 and AlO4 groups. The band assignments are summa-
ized in Table 1.

.5. Surface area and pore size

The surface properties and pore size of alumina (blank) and

AC–Nb5+ were determined by the BET method, using nitrogen

dsorption.
The BET results, Table 2, demonstrate that surface area decreases

ith the presence of niobium ions, indicating that these ions do not
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Fig. 4. Infrared absorption spectra of alumina and MAC–Nb5+.
4

Al–O 1105 1072
Al–OH 1436 1453
H–O–H 3295, 1629 3498, 1649

contribute to any surface are to the alumina, this can be attributed
to the fact that the niobium ions on surface of alumina are blocking
the alumina pores reducing the space for adsorption of nitrogen as
previously reported in by Khattak et al. [18] for a series of metal
doped alumina.

The BET results, Table 2, also demonstrate that the employed
synthetic route furnished materials with a surface area of approx-
imately 239 m2 g−1. These values are superior (230 × 197 m2 g−1)
to those obtained for related Nb2O5–Al2O3 materials, prepared by
Somma et al. [19] using the hydrolytic sol–gel methodology. As for
pore size, MAC–Nb5+ consists of mesopores and has high surface
area, which is particularly interesting for antibacterial applications.

3.6. Differential pulse voltammetry (DPV)

In pursuit of more information on Nb–alumina, an electrochem-
ical study was performed, in order to evaluate the redox process in
the systems neat alumina, niobate, and MAC–Nb5+ by differential
pulse voltammetry.

The DPV profiles for alumina, the Nb-precursor, niobate, and
MAC–Nb5+ were recorded from +1 to −2.2 V (vs Ag/AgCl). Fig. 5
(curve 1) illustrates the DPV for MAC–Nb5+ at pH 1, where a
cathodic peak (Epc1) at −0.77 V and another one at −1.4 V (Epc2)

vs Ag/AgCl can be observed. Additionally, two peaks appear in the
range −1.8 to −2.0 V. Fig. 5 (curves 3 and 3) presents the DPV
obtained for the Nb-precursor and potassium niobate (K8Nb6O19).
As shown in the voltammogram of MAC–Nb5+, each compound
illustrate a redox process at the same potential values (curves 3

Table 2
Textural properties of the samples.

Sample BET surface area (m2/g) Pore volume (cm3/g)

MAC–Nb5+ 239 ± 1 0.13 ± 0.001
Alumina 308 ± 1 0.16 ± 0.001
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ig. 5. Differential pulse voltammograms of MAC–Nb5+ (1) alumina (2), Nb-
recursor (3), and niobate (K8Nb6O19) (4) in aqueous solutions (v = 100 mV s−1).
athodic scan.

nd 3). The DPV obtained for alumina displays a peak at −1.53 V,
ssigned to the Al3+ redox process in alumina (curve 2).

In analogy with the curves achieved for the Nb-precursor and
iobate, the wave at −0.77 in the DPV of MAC–Nb5+ can be assigned
o the Nb5+reduction process as well as that at −1.4 V. Furthermore,
he interactions between Nb and alumina can be confirmed by the
ow current intensity ratio (Ipc1/Ipc2) of the cathodic peaks obtained
t −0.77 V and −1.4 V (curve 1) if compared with the ratio of neat
iobate and the Nb-precursor (Fig. 5) (curves 3 and 4).

Taking into account these data and the profiles of the pulse
ifferential voltammetry for the cathodic scan of MAC–Nb5+, it is
easonable to consider that the redox process involves Nb–O–Al, as
hown in Scheme 1a. The results from the infrared absorption spec-
ra of alumina and the MAC–Nb5+ matrix are consistent with this
nteraction. The DPV profiles are pH-dependent, thus indicating the
nfluence of an external ion. At pH 7, it is reasonable to propose that
H is coordinated to Nb (Scheme 1b).

.7. Biological assays

.7.1. Results from the antibacterial assays by the agar diffusion
ethod

Since the main bacteria associated with caries are S. mutans and
actobacillus sp [20,21], they were selected for evaluation of the
ossible antibacterial activity of MAC–Nb5+, carried out by the AD
well technique) and broth microdilution methods, with determi-

ation of the MIC. It is expected that the search for alternative
aterials that inhibit bacteria growth will lead to the develop-
ent of reliable alternative approaches, thereby contributing to

mproved oral health among the Brazilian population. This might
lso result in new measures for the prevention and treatment of

able 3
ntimicrobial activity of MAC–Nb5+ against microorganisms present in the human oral ca

Bacterial strain MAC–Nb5+. Alumina

Streptococcus sanguinis ATCC 10556 25.0 ± 1.00 0.00 ± 0
Lactobacillus casei ATCC 11578 23.3 ± 1.20 0.00 ± 0
Streptococcus mutans ATCC 25175 26.3 ± 0.60 0.00 ± 0
Enterococcus faecalis ATCC 4082 23.0 ± 1.00 0.00 ± 0
Streptococcus salivarius ATCC 25975 26.0 ± 1.00 0.00 ± 0
Streptococcus mitis ATCC 49456 27.7 ± 1.20 0.00 ± 0
Streptococcus sobrinus ATCC 33478 27.7 ± 1.20 0.00 ± 0

ean values of the inhibition halo diameters in mm ± mean standard deviation.
b

Scheme 1. Nb–Al–O interaction in MAC–Nb5+ at pH 1 (a) and pH 7 (b).

oral cavity diseases, which are also involved in other diseases of
the human body.

3.7.2. AD method (well technique)
Results from the biological assay using the AD method and

MAC–Nb5+ in vitro demonstrate that this material displays antibac-
terial activity against all the tested bacteria, as summarized in
Table 3.

Table 3 reveals that MAC–Nb5+ is most active against S. mitis and
S. sobrinus.

The AD method shows that inhibition halos larger than that
obtained with the positive control (Periogard®) are achieved for
86% of the evaluated bacteria, namely S. sanguinis (ATCC 10556), S.
mutans (ATCC 25175), E. faecalis (ATCC 4082) and S. salivarius (ATCC
25975).

MAC–Nb5+ leads to a halo with 23.3 mm diameter, whereas the
positive control furnishes a 29.3-mm diameter halo.

Control reactions, or blank tests, were carried out with alumina
matrix containing no niobium ions, and these reactions did not
lead to antibacterial activity. This fact confirms that the observed
antibacterial activity is really due to the presence of niobium
ions.

3.7.3. Results from the antibacterial assay by the minimum
inhibitory concentration method

The MIC of MAC–Nb5+ was determined using the same standard
strains described in item 2.2. Table 4 lists the MIC of MAC–Nb5+
against oral bacteria. MAC–Nb is active against S. sanguinis, L.
casei, S. mutans, E. faecalis, S. salivarus, S. mitis and S. sobrinus. MIC
values lie between 40 �g mL−1 up to concentrations higher than
400 �g mL−1. This method corroborates the results achieved by
means of the AD method.

vity, evaluated by the agar diffusion method.

Negative control Positive control (PERIOGARD®)

.00 0.00 ± 0.00 22.0 ± 1.00

.00 0.00 ± 0.00 29.3 ± 0.60

.00 0.00 ± 0.00 22.3 ± 0.60

.00 0.00 ± 0.00 17.7 ± 0.60

.00 0.00 ± .00 18.7 ± 0.60

.00 0.00 ± 0.00 19.3 ± 0.60

.00 0.00 ± 0.00 23.7 ± 1.20
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Table 4
Determination of MIC in �g mL−1 for MAC–Nb5+ against oral bacteria.

Compounds/microorganisms S. sanguinis 10556 L. casei 11578 S. mutans 25175 E. faecalis 4082 S. salivarius 25975 S. mitis 49456 S. sobrinus 33478

MAC–Nb5+ 200 >400 200 >400 40 200 300
Alumina ** ** ** ** ** ** **
#Positive control 3.688 1.844 0.922 3.688 0.922 0.922 0.922
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[22] M.A. Gondal, A. Bagabas, A. Dastageer, A. Khalil, J. Mol. Catal. A 323 (2010)
Broth control (TSB) * * *
DMSO 3% control ** ** **

There was no microorganism growth; **there was microorganism growth; #positi

MAC–Nb5+ is most efficient against the bacteria S. salivarius,
ith MIC 40 �g mL−1. The material is moderately active against S.

anguinis, L. casei, S. mutans, E. faecalis, S. mitis and S. sobrinus, with
IC varying between 200 �g mL−1 and >400 �g mL−1. Literature
orks state that compounds with MIC lower than 100 �g mL−1 are

ood antibacterial agents, whereas those with MIC ranging from
00 to 400 �g mL−1 are moderately active [22,23].

As in the case of the study employing the AD method, control
eactions, or blank tests, were conducted by employing alumina
atrix containing no niobium ions. These blank tests yielded MIC

alues higher than 400 �g mL, thus showing that the matrix with-
ut niobium ions was not able to deactivate any of the investigated
acteria. This fact once again confirms that the observed antibac-
erial activity is really due to the niobium ions.

. Conclusions

The non-hydrolytic sol–gel route was successfully employed for
he preparation of MAC–Nb5+ with antibacterial properties. The
hemical characterization showed that Nb5+ ions were inserted into
he alumina matrix, interact with hydroxyl groups located on the

atrix surface and inside the pores, and substitute some atoms in
he alumina matrix, as confirmed by FTIR and DPV measurements.
EM analysis showed that particles are rough and more irregular.

The AD method demonstrated that MAC–Nb5+ displays antibac-
erial activity against bacteria present in the oral cavity. Future
tudies focusing on a chemical, biological and clinical approach
hall be carried out for this material, due the potential application
n oral care product.

After a careful review of the literature on the use of niobium in
uch diverse fields as the medical, biological and chemical areas,
t was verified that this is the first study assessing the antibacte-
ial potential of niobium by the AD technique and reporting on the
se of the broth microdilution method for MIC determination of the
iobium material. Therefore, both the chemical and biological stud-

es carried out herein signalize novel applications of Nb5+, which
ill possibly extend its application fields.
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