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Abstract

Si0O, doped samples with different cobalt loading and pure SiO, and Co30,4 nanopowders were synthesized by the solvothermal method and
their antibacterial activities were studied. The morphology and crystallinity of the powders were analyzed by scanning electron microscopy and
X-ray diffractometry patterns, respectively. The increase of particle size with doping concentration was obtained for cobalt-doped samples.
The optical properties were studied using UV—vis spectroscopy. Optical studies showed a blue shift in the absorbance spectrum with increasing
the doping concentration. The antibacterial activities of undoped SiO,, Co-doped SiO, and pure Co3;0,4 nanoparticles against a Gram-negative
bacterium Escherichia coli (E. coli, ATCC 25922) and a Gram-positive bacterium Staphylococcus aureus (S. aureus, ATCC 29213) were
investigated under UV illumination and in the dark condition. Bactericidal effects were determined by the minimum inhibitory concentration
(MIC) method. There was no activity for pure SiO, and Co30,4, however, cobalt doping significantly improved antibacterial activity against both
bacteria. Bacterial growth inhibition was observed under dark condition with lower efficiency than under UV illumination. The antibacterial
efficiencies were affected by the physiological status of the bacterial cells, different morphologies, particle sizes and optical properties of samples.

© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Bacterial contamination and growth in water are potential
health hazards demanding disinfection. Moreover, the food-
borne diseases still remain a universal problem [1] in spite of
the rapid growth of nanotechnology as a possible approach to
reduce the microbial contamination on food surfaces and in
food preparation environments. The Staphylococcus aureus is
a leading cause of gastroenteritis resulting from the consump-
tion of contaminated food. On the other hand, certain types of
Escherichia coli cause foodborne illness. The majority of
bacteria recovered from different types of food and environ-
mental sources have been found resistant to at least one
antimicrobial drug [2]. Therefore, three types of antibacterials
including metals, metal oxides and organic polymers were
recently developed. However, new research has attracted
interest in antibacterial nanomaterial containing various
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inorganic substances compared to the organics, due to their
improved safety and stability [3,4]. Among these, ceramics
with inherent bactericidal activity are convenient to use as they
are insoluble.

Some antibacterial agents, when loaded onto inorganic
carrier and released from it slowly by design, act as inorganic
disinfectants, which are superior in terms of safety, durability
and heat resistance compared with conventional organic ones
[5]. As for inorganic carriers, some compounds such as zeolite
[6], phosphate [7], titanium dioxide [8], activated carbon [9],
montmorillonite [10], water-soluble glass [11] and mesoporous
silica [12] have been investigated.

Nano-SiO, particles are expected to be one of the most
promising carriers suitable for development of high perfor-
mance antibacterial and bactericidal materials due to following
reasons: (1) nano-SiO, particles are of extremely high surface
activity and porous structure resulting to sufficient adsorption
properties; (2) nanometric size particle metals/or metal oxides
embedded in silica matrix have the lower tendency to
agglomerate; (3) silica matrix is chemically inert,
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biocompatible and resistant to microbial attack both in vitro
and in vivo and (4) controlled release of nanoparticles from
SiO, matrix. These are the reasons why the development of
inorganic bactericide and disinfectant prepared by loading
antibacterial agents onto silica matrix carrier is receiving
extensive attention for application in domestic and industrial
fields [13,14].

The wide investigations on the antibacterial effect of various
nanostructured systems including doped metal oxides [15],
metal loaded silica [16] and composites [17] have been carried
out. Nevertheless, the reports on the cobalt-included bacter-
icides are limited to Co-doped nanoparticles [18,19], and
cobalt coordination complexes in oxidation state 3+ [20]. As
reported previously, no significant antibacterial activity was
observed for cobalt oxides [21].

To our knowledge, for the first time we report the toxicity of
Co-doped SiO, nanostuctures. This study examines the effects
of Co-doping concentration and exposure time on the growth
of the bacteria. In this paper, bactericidal nano-SiO, specimens
were synthesized by solvothermal reaction. Among solution-
based methods for tailored nanomaterials synthesis, solvother-
mal synthesis are related to homogeneous novel nucleation
processes due to the elimination of the calcination step,
producing very low grain sizes and high-purity powders
[22]. The structure, morphologies and optical properties of
the all samples were determined by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and UV-vis spectro-
scopy. Chemical compositions of the prepared samples were
estimated by chemical analysis. Their antibacterial properties
were also examined against Escherichia coli (E. coli, ATCC
25922) and Staphylococcus aureus (S. aureus, ATCC 29213).

2. Materials and methods
2.1. SiO, supported oxide ceramic synthesis

Two sols were separately prepared using tetraethyl orthosi-
licate (TEOS, Si(OC,Hs)s), and cobalt nitrate (Co
(NO3), - 6H,0) as sources of Si and Co, respectively. For
SiO, synthesis, TEOS and distilled water were mixed and
stirred at room temperature. Then, 0.5 M HNO; solution was
added as hydrolysis catalysis and to control the pH value at 3.
Co(NO3), - 6H,O was separately dissolved in 30 ml of H,O
and ethanol mixture with magnetic stirring for at least 30 min
to form a red solution. One part of each set was left unmixed to
prepare single component Co;0,4 and SiO, powders. To the
remaining Si sol, requisite amounts of Co sol prepared were
added to obtain three sols at 10, 30 and 50% Co-doped SiO5,
individually. The sols were further stirred for 2h at
room temperature. Then, each sol was transferred into an
individual 80 ml autoclave with a Teflon liner and heated at
180 °C for 20 h. The resulting products were filtered and
washed several times with distilled water and ethanol, then,
dried at 100 °C for 1h, and finally annealed in the air
atmosphere at 450 °C for 3 h.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were obtained by
using a Bruker D8 Advance X-ray diffractometer with Cu Ka
radiation (A=1.5418 A). The size and morphology of all the
catalysts were examined with a Philips, XL30 scanning
electron microscope (SEM). The composition of the doped
powders was analyzed by electron dispersive X-ray analysis
(EDS). The optical properties were performed on a Shimadzu,
MPC-2200 UV-vis spectrophotometer operated over the range
of 200-800 nm at a resolution of 2.0 nm.

2.3. Antibacterial activity

The antibacterial activities of undoped SiO,, Co-doped SiO,
and Co;0,4 nanoparticles were investigated against a Gram-
negative bacterium E. coli and a Gram-positive bacterium S.
aureus under UV illumination and in the dark condition.
Nutrient broth (NB) was used as a growing medium for both
the microorganisms at 37 °C for 20 h. The culture solution was
centrifuged, and the cells were washed and suspended in
distilled water, reaching a final concentration of 10° cells/ml
E. coli or S. aureus. We used minimal inhibitory concentrations
(MIC) method to test the antimicrobial activity. The MIC is the
lowest concentration of an antimicrobial material that will
inhibit the visible growth of a microorganism after incubation.
Four different concentrations (0, 1, 3 and 6 pg/ml) of the Co-
doped SiO, nanostructures have been used in the present study
to determine the MIC. For single component SiO, and Co30,
powders, the constant concentration of 6 pg/ml was used. The
certain amounts of each sample were put into above suspended
solution to keep in contact with E. coli or S. aureus respectively,
and shaken at 37 °C (dark condition)/ or illuminated under four
8 W UV lamps (Philips UV-A, A,.x=365 nm) for up to 56 h.
Aliquots of 0.1 ml of each mixture (water+bacterium) were
sampled every 4 h. These aliquots were diluted in distilled
water. Each group of samples was spread on NB agar plates and
incubated at 37 °C for 24 h, respectively. The number of viable
cells in the each sample was determined by choosing the
appropriate dilution of the sample onto NB agar plates and
counting colonies that appeared on the plates.

3. Results and discussion
3.1. Structure and morphology

Fig. 1 shows typical comparative X-ray diffraction patterns
for single SiO,, single Co30,4 and Co-doped samples, respec-
tively. SiO, XRD pattern indicated amorphous phase. All the
XRD patterns of Co-doped SiO, and single Co;04 samples are
commonly in good accord with those of cubic Co3;04. The
(111), (220), (311), (400), (511) and (440) planes for Co304
are assigned on the peaks. At higher Co doping concentration,
some new XRD peaks appear, possibly due to improved
crystallinity. The particle size increases at higher Co doping
concentration (table 1). The surface morphology of the
samples was investigated by SEM as shown in Fig. 2. There
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Fig. 1. X-ray diffraction patterns of the Co-doped SiO,, pure SiO, and Co304
samples.

Table 1
Particle size and band gap of samples.

Sample Particle size Band gap (eV)
SiO, 47 —

Co (50%)-SiO, 68 3.08

Co (30%)-SiO, 56 3.10

Co (10%)-SiO, 42 3.14

Co30,4 87 3.10 (1.56)

was smooth distribution of nanoparticles for doped samples
compared to single Co3;0,4 one that showed some aggregation.
The composition of the powders was confirmed by EDS
analysis and is shown in Fig. 3. The elemental ratio for doped
samples was found to be consistent with the molar ratios of the
precursors used.

3.2. UV—visible absorption spectra and energy band gap
measurements

Fig. 4 shows the absorption spectra of the single and doped
samples. It is clear from figure that there are two distinct
characteristics for Co-doped SiO, samples compared to single
Si0;: the higher molar adsorption and the shift toward longer
wavelengths. The optical band gap values were reported in
Table 1 and decreased at higher Co doping level for doped
samples. Two E, values for single Co30,4 sample are obtained,
3.11 and 1.52 eV. As previously reported [23], the first band
gap can be assigned to 02" Co?" charge transfer process (basic
optical band gap energy, or valence to conduction band
excitation) while the second one to O2"Co* charge transfer
process (Co>* level is located below the conduction band).

3.3. Antibacterial properties

The antimicrobial activity of the samples was determined by
colony count method using Gram negative E. coli and Gram

1S.8kV ¥X68. 0K
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Fig. 2. SEM micrographs of the samples.

positive S. aureus exposed to different samples to assess their
bactericidal effect under UV light and dark conditions as the
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Fig. 3. The composition of the Co-doped samples by EDS analysis.

test cultures. For catalytic toxicity, many factors are important
including size, chemical composition, structural and optical
characteristics of catalyst and microorganism type as discussed
below.

3.3.1. Effects of the catalyst chemical composition

Fig. 5 shows the growth/no growth of E. coli bacteria that
were treated with 6 pg/ml concentrations of each catalyst
spreading on agar plates for single powders only under UV
illumination, but under UV illumination and in the dark
condition for Co-doped samples. No efficient activity was
observed for single SiO, and Co;O, powders at all. No
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Fig. 4. The absorption spectra of the different samples.

significant decrease in CFU (colony-forming unit) in the
Co-doped nanoparticle free medium was also observed after
UV light exposure (not shown in Fig. 5). This indicates that the
photochemical inactivation was negligible under UV-A irra-
diation with low energy. Co-doped SiO, samples have
demonstrated effective toxicity against both the Gram-
positive S. aureus and Gram-negative E. coli strains. At higher
Co-doping level, the growth inhibition has been occurred more
efficient. The highest activity was observed for sample Co
(50%)-Si0, and followed order Co (50%)-SiO, > Co (30%)-
Si0, > Co (10%)-Si0,. These results indicated that the silica
as inorganic carrier could activate the Co3;0, nanoparticles.
There are some reports on the improved antibacterial activity
using silica supported bactericide agents [24]. However, this is
first results about construction of Co3;04 nanoparticle activity
using silica as inorganic carrier.

3.3.2. Influence of catalyst particle size

The particle size may play a critical role in the biocide
activity of nanoparticle catalyst. However, contradictory
results about the impact of particle size on the catalytic activity
of nanoparticles have been reported [25,26]. As shown in
Fig. 5, it was found that the antibacterial activity of samples
increased with increasing particle size (nm) in order of Co
(50%)-Si0, (68) > Co (30%)-SiO, (56) > Co (10%)-SiO,
(42). The higher crystallinity may improve the separation
efficiency of photoinduced electron-hole pairs which results
to more efficient reactive oxygen species production as the
major species in the photocatalytic inactivation.

3.3.3. Effect of the catalyst photoresponse

There was an inverse relationship between band gap energy
and biocide activity of Co-doped SiO, samples. A decrease in
band-gap energy for sample Co (50%)- SiO, results in the
higher spectral response. The photocatalytic activity could be
affected by a change in photon harvesting depending on the
band gap energy.
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Fig. 5. Plot of the survival number of E. coli with different catalysts at 6 pg/ml
concentration under UV illumination and dark condition. Data are shown from
triplicate experiments.

3.3.4. Effect of the catalyst concentration

Various concentrations of different powders were examined
for inhibition studies to determine MIC. In the Co-doped
nanoparticle free medium, no inhibition effect was observed
after UV light exposure due to low energy UV-A irradiation.
For Co-doped SiO, samples, the MIC against S. aureus was
found to be 3 pg/ml where as that of E. coli was found to be
1 pg/ml. The different MIC values for certain sample indicated
its different toxicity against the Gram-positive S. aureus and
Gram-negative E. coli strains. With the increase in the
concentration of Co-doped SiO, solution, the inhibition
efficiency has also been increased so that at higher concentra-
tions (up to 6 pg/ml), the growth of bacteria was completely
inhibited in both cases.

There are many studies about the MIC for various anti-
bacterial agents, with different results for different microorgan-
isms. MIC is dependent of many factors and the non-
standardized procedures make difficult to compare its results
from one report to another. It is worthy to note these four
concentrations of catalysts have been chosen due to clear
difference between CFU results for both microorganisms at
given condition. For example, there was no significant
difference in CFU at 1 and 2 pg/ml catalyst concentration for
E. coli and in CFU at 5 and 6 pg/ml catalyst concentration for
S. aureus. In addition, no bactericide efficiency was observed
at 0.5 pg/ml concentration for all catalysts.

3.3.5. Effect of the microorganism

The nanoparticle powders were found to have a strong
antibacterial activity regardless of Gram classes, though they
were more efficient against Gram-negative bacterium. Since a
lower MIC is an indication of a better antimicrobial agent, it is
expected that Co-doped SiO, samples was found to have more
effective antibacterial activity against E. coli as shown in
Fig. 6. The difference between the antibacterial effect of
samples against E. coli and S. aureus could be explained by
microorganism structural difference in Gram-negative and

Gram-positive bacteria. Both bacteria have similar internal,
but different external structures. A Gram-positive bacterium
has a thick peptidoglycan layer that contains teichoic and
lipoteichoic acids. A Gram-negative bacterium has a thin
peptidoglycan layer and an outer membrane that contains
lipopolysaccharide, phospholipids, and proteins. Thus, S. aureus
needs longer contact time or higher catalyst concentrations to
achieve the same effect as E. coli.

3.3.6. Effect of the time

In addition, the important factor affecting the antibacterial
effect is the contact time of the microorganisms suspended in
water with catalyst powder. With the increase of contact time,
the numbers of viable cells of both microorganisms, E. coli
and S. aureus, decreased. As shown in Fig. 5, for E. coli, the
contact time needed to kill nearly all the viable cells was 40,
44 and 46 h with Co (50%)-SiO,, Co (30%)-SiO, and Co
(10%)-Si0,, respectively, at 6 pg/ml catalyst concentration
under UV illumination. For S. aureus, the same effect was
obtained after contact for 44, 46 and 48 h with Co (50%)-SiO,,
Co (30%)-Si0, and Co (10%)-SiO,, respectively, at the same
condition.

3.3.7. Effect of the illumination

It is seen from Fig. 5 that the bacteria inactivation was
obtained under both UV light and dark conditions with higher
efficiency in former case. However, the photochemical inacti-
vation (in the absence of any catalyst) was negligible due to
low energy UV-A illumination. The photocatalytic microbial
inactivation has been reported in number of studies for
different microorganisms and cell cultures. It was explained
by different mechanisms such as cell membrane and the wall
damage [27-29], physicochemical alteration of the cell mem-
brane [30], promotion of cell membrane permeability to Ca**
[31], reduction of intracellular superoxide dismutase activity (a
protective enzyme from oxidative stress) [32] and abnormal
cell division [30]. Hydroxyl radical has been reported as the
major oxidant [33-35] but, other reactive oxygen species, such
as H,0,, O3 and O; were also shown responsible of
oxidation [36-38]. Under UV light, disruption of bacteria cell
surface are attained by exposure to reactive oxygen species
generated by photocatalysis; in the dark, microbicidal effects
of metal ions released from solid matrix and penetrated into
bacterial cell membranes may inhibit the bacteria growth.
However, it is reported that oxygen dissolved in the solution
can generate superoxide anions by single-electron reduction
which does not require UV irradiation [39,40].

4. Catalyst recovery and reuse

Catalyst deactivation is one of the drawbacks on the
application of photocatalytic degradation processes, deposition
of photoinsensitive species on the photocatalyst surface
blocking its active sites. At present work, the used powder
catalysts were regenerated by treating with boiling distilled
water and then by drying in a hot air oven at a temperature of
100 °C. The catalysts under consideration have not shown a
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Fig. 6. Photographs showing bacterial colonies in plates after 40 h under UV illumination in the presence of 6 pg/ml Co (50%)-SiO, catalyst powder.

significant decrease in their photoinduced and dark micro-
biocide efficiency when the antimicrobial experiments were
repeated three times using the same samples. The reproduci-
bility of experimental data is shown in Fig. 5.

5. Conclusion

Nano-SiO, can be used as a carrier to prepare inorganic
antibacterial materials. Novel Co-doped SiO, nanopowders
were prepared via solvothermal process. The morphology,
crystallinity and optical properties of the synthesized nano-
particles were analyzed by SEM micrographs, XRD patterns
and UV-vis spectra, respectively. Despite that the single
component SiO, and Co;04 nanoparticles had no effect on
the inhibition growth; Co-doping resulted to the excellent
antibacterial properties against E. coli and S. aureus. The
antibacterial efficiency was affected by size, chemical compo-
sition, structural and optical characteristics of catalysts and
tested microorganisms type. Our results clearly demonstrated
the antibacterial activity even in the absence of UV light.
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