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Abstract

So far, the antibacterial activity of some organic and inorganic compounds has been studied. Barium
zirconate titanate [Ba(Zr,T1,.4)O;] (x =0.05) nanoparticle is an example of inorganic materials. In vi-
tro studies have provided evidence for the antibacterial activity of this nanoparticle. In the current
study, the nano-powder was synthesized by sol-gel method. X-ray diffraction showed that the pow-
der was single-phase and had a perovskite structure at the calcination temperature of 1000 °C. Anti-
bacterial activity of the desired nanoparticle was assessed on two gram-positive (Staphylococcus
aureus PTCC1431 and Micrococcus luteus PTCC1625) and two gram-negative (Escherichia coli
HP101BA 7601c and clinically isolated Klebsiella pneumoniae) bacteria according to Radial Diffu-
sion Assay (RDA). The results showed that the antibacterial activity of BZT nano-powder on both
gram-positive and gram-negative bacteria was acceptable. The minimum inhibitory concentration of
this nano-powder was determined. The results showed that MIC values for E. coli, K. pneumoniae,
M. luteus and S. aureus were about 2.3 pg/mL, 7.3 pg/mL, 3 pg/mL and 12 pg/mL, respectively.
Minimum bactericidal concentration (MBC) was also evaluated and showed that the growth of E.
coli, K. pneumoniae, M. luteus and S. aureus could be decreased at 2.3, 14, 3 and 18 pg/mL of BZT.
Average log reduction in viable bacteria count in time-kill assay ranged between 6 Log;, cfu/mL to
zero after 24 h of incubation with BZT nanoparticle.
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Introduction

Nowadays, nano-science is going to affect all aspects
of life. It has been shown that chemically synthesized nano-
particles (NPs) have antibacterial effects on gram-positive
and gram-negative bacteria (Ruparelia et al., 2008; Valodkar
et al., 2012; Sreelakshmi et al., 2011; Wang et al., 2011;
Allahverdiyev et al., 2011; Mishra et al., 2011; Musarrat et
al., 2010; Damm et al., 2008; Yoksan and Chirachanchai
2009; Ramyadevi et al., 2012; Prasad et al., 2011). Some

nanoparticles even show inhibitory effect on the bacterial
growth when they are mixed with other compounds and
nano-powders (Li et al., 2006). Researches have shown the
antibacterial properties of some polymers which are made by
nanoparticles for use in the surface area of medical instru-
ments (Monteiro et al., 2009; Singh and Nalwa 2011). These
nanoparticles seem to be useful in gene therapy studies, med-
ical studies and drug delivery systems (DD systems) in the
near future (Pinto-Alphandary et al., 2000; Pagonis et al.,
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2010; Prow et al., 2011). Ceramic nanoparticles are inor-
ganic systems with porous characteristics which were re-
cently developed as drug vehicles (Sekhon and Kamboj
2010; Fontana et al., 1998). Some studies even showed their
non-toxic effects on human cells (Sharma ez al., 2011; Marti-
nez-Gutierrez et al., 2010). Recently, an organic nanopar-
ticle has been produced which is completely non-toxic,
biodegradable and nimble in the way it uses light and heat to
treat cancer and deliver drugs (Vollmer et al., 2012; Hung et
al., 2010). Currently, researchers are able to encapsulate
drugs in nanoparticles with the size of viruses. Nanoparticles
are effective in drug delivery due to the fact that these
nanoparticles, in combination with organic compounds like
lipids and glycoproteins, could precisely detect the damaged
cells and deliver the drugs (Lovell et al., 2011; Sim and
Wallis 2011). Designing carbohydrate nanoparticles for pro-
longed efficacy of antibacterial peptide is now under investi-
gation (Bi et al., 2011). Syntheses of nanoparticles are highly
cost-effective. Some of the nanoparticles such as gold, cop-
per and silver nano-powders with strong germicidal proper-
ties have been synthesized, but these metals are expensive
and their high production cost does not make them potential
candidate for use as antibacterial agents. Therefore, produc-
ing less expensive nano-powders with acceptable antibacte-
rial properties would be of great interests in nano and
medical science era. Such inexpensive, germicidal and easy
producible nanoparticles would have great role in pharma-
cology and medical science as well as drug discovery for de-
signing new antibacterial agents and nano scale drug
carriers. In this study, the aim was to produce a less expen-
sive nano-material with antibacterial properties. Therefore,
the barium zirconate titanate [Ba(Zr,Ti;)O;] (x = 0.05)
nanoparticle was synthesized and tested on E. coli,
K. pneumoniae, M. luteus and S. aureus as representative of
gram-negative and gram-positive bacteria.

Experimental

Preparation

[Ba(Zr,T1,4)05] (x = 0.05) nanoparticle was prepared
by a sol-gel process (Yu and Xia 2012). The raw materials in
this experiment were barium nitrate [Ba(NOj),], zirconium
nitrate  [ZrO(NO;);] and titanium  isopropoxide
Ti[OCH(CHs;),]s. By dissolving barium nitrate and zirco-
nium nitrate in distilled water, aqueous solution of each cat-
ions (Ba™, Zr™*) was prepared. For preparation of Ti",
titanium (IV) isopropoxide was dissolved in the mixture of
nitric and citric acid (Ghasemifard et al., 2009b). The solu-
tions of barium, titanium and zirconium were added to the
aqueous solution of citric acid under continuous stirring at
55-60 °C, with the constant pH of 7.0. In order to keep the pH
constant, ammonium hydroxide was added to the solution
(Ghasemifard et al., 2009a). The sol form of BZT was heated
to about 80 °C to evaporate all water and to obtain the gel.
When excessive nitric acid was added, the gel temperature
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increased rapidly, this caused the final color of the powder to
become black. After auto-combustion of the gels, the resul-
tant powders were calcinated at 1000 °C to obtain the desired
single-phase powders.

Antibacterial assay

Antibacterial activity of synthesized nanoparticles
were tested on gram-positive and gram-negative bacteria ac-
cording to the radial diffusion assay (RDA) for antibacterial
agents (RI. Lehrer 1991). Staphylococcus aureus
PTCC1431 and Micrococcus luteus PTCC1625 as gram-
positive and Escherichia coli HP101BA 7601¢ and a clinical
isolate of Klebsiellae pneumoniae as gram-negative bacteria
were prepared for antibacterial assay. In order to obtain
mid-logarithmic phase microorganism, 100 pL of the culture
was transferred to 100 mL of fresh TSB media culture and
incubated for an additional 3 h at 37 °C, and therefore bacte-
ria were used in their logarithmic phase for antibacterial as-
say. For this purpose, 4 x 10° cfu (Colony Forming Units)
was poured into five mL of 10 mM cold phosphate buffer
and was mixed with 1% agarose (Sigma-Aldrich) in 0.03%
tripticase soy broth (TSB) as an underlay culture, and was
then poured into the plate. Subsequently, specific amount of
BZT nanoparticles was dispersed and dissolved in the same
buffer and was poured into the punched well in a plate. After
3 h incubation at 37 °C, overlay media culture containing
pre-autoclaved 6% TSB and 1% agarose was gently poured
into the plate and was kept at 37 °C for 12 h. For bactericidal
efficiency, antibacterial activity of BZT was assessed for the
duration of 24 h. For this purpose, specific amount of bacte-
ria were cultured in 96 well plate and the absorbance at
600 nm was measured each 3 h and compared to controls
(bacteria without antibacterial agent). The concentration of
bacteria was defined as logarithm to the base 10.

MIC and MBC determination

Similar to other antibacterial agents, nanoparticles are
subjected to minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) determination.
In microbiology, MIC is defined as the lowest concentration
of an antibacterial compound that inhibits the visible growth
of a microorganism after an overnight incubation (Andrews
2001). Two gram-positive (Staphylococcus — aureus
PTCC1431 and Micrococcus luteus PTCC1625) and two
gram-negative bacteria (Escherichia coli HP101BA 7601c
and a clinical isolate of Klebsiella pneumoniae) were chosen
for antibacterial tests and MIC and MBC assay. A specific
amount of bacteria (4 x 10° cfu) was prepared and after treat-
ing with serial dilution of BZT, was poured into the 96-well
plates and was incubated at 37 °C for 24 h. Afterward, the
absorbance was recorded at 600 nm for each well using an
enzyme-linked immunosorbent assay (ELISA) reader and
the results were compared to the control sample. This proce-
dure was performed in triplicate.



Nanoparticles as antibacterial agent

MBC is defined as the lowest concentration of anti-
microbial that will prevent the growth of an organism after
subculture on to antibiotic free media. For MBC test, 20 puL
of bacteria suspension was inoculated on to agar plate from
2 first well that showed no bacteria growth. The plate was
then incubated for an additional 24 h at 37 °C.

Hemolysis assay

Hemolytic activity of BZT was determined according
to Minn ef al. method (Minn et al., 1998). For this purpose,
2 mL of human red blood cells (hRBCs) were washed sev-
eral times with 5 mL of cold phosphate buffered saline (PBS)
by centrifugation at 4,000 rpm (3600 g) for 10 min. Washed
cells were diluted to a final volume of 40 mL of PBS.
Hemolysis assay for the desired nanoparticle was deter-
mined at relatively high concentration of 20 pg/mL in which
20 uL of BZT were added to 180 uL of 5% diluted erythro-
cytes and the treated cells were kept at 37 °C for 30 min.
0.1% Triton X-100 was used as positive control with 100%
hemolytic activity. After 30 min, the solution was centri-
fuged at 4,000 rpm for 5 min, and the supernatant was mildly
diluted to 1 mL of PBS. Absorbance of the solution was mea-
sured at 567 nm.

Results and Discussion

X-ray diffraction and other physicochemical properties
of BZT

Ba(Zr,Tiy9)O3 nanoparticles were prepared by a sol-
gel process. The sizes and other physicochemical properties
of the nanoparticles were determined by XRD and TEM im-
age. The phase formation of BZT powder was investigated
using X-ray diffraction analysis at room temperature (29 °C)
in the range (20-80 degree) with CuKo radiation. Figure 1
shows the x-ray diffraction patterns of BZT powders cal-
cinated at 1000 °C. It is evident that powders have a pe-
rovskite cubic structure without extra phases. Cubic struc-
ture with general formula of ABO; is the most important
characteristics of perovskites. The typical TEM image of the
BZT powders is shown in Figure 2. The primary particle size
of the BZT powder was found to be approximately 25 nm in
diameter.

Antibacterial assay

According to previously described methods for anti-
bacterial and MIC assay, bacteria were cultured and the
nano-powder with different concentrations was poured into
the punched wells. After 12 h incubation at 37 °C, the growth
inhibitory zone around the wells was obvious (Figure 3).
Several independent experiments confirmed that these
nano-powders have antibacterial activity on both tested
gram-positive and gram-negative bacteria, but the mecha-
nism of such antibacterial properties is not yet understood.
For antibacterial assay of BZT nano-powders, each 1 mm di-
ameter of an inhibition zone from the center of the halo, was
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Figure 1 - XRD patterns of BZT nano-powders at room temperature.

20 nm

Figure 2 - TEM image of the BZT nano-powder calcinated at tempera-
tures of 1000 °C.

expressed as Units (1 mm = 1 U) and was calculated after
subtracting the diameter of the central well. Finally, the high-
est amount of antibacterial activity was defined as 100% ac-
tivity and others were compared to it (Figure 4).

The reported antibacterial activity is in close compe-
tence with some bactericidal, synthetic nanoparticles such as
silver and copper nanoparticles which inhibits the growth of
bacteria; with the inhibition zone of 26 mm (Prasad ef al.,
2011; Ramyadevi ef al., 2012). According to our data, the
synthesized nano-powder has germicidal power on both
gram-positive and gram-negative bacteria. The results for
bactericidal efficiency and time kill assessment in a period of
24 h showed effective reduction of bacteria concentration

(Figure 5).
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S. aureus K. pneumoniae

Figure 3 - Antibacterial activity of BZT on E. coli, M. luteus, K. pneumoniae and S. aureus. K is abbreviation for kanamycin 30 pg and A, B, and C show
the concentrations of 2, 5, and 10 pg/mL of BZT nanoparticle, respectively.

OS.aureus @EE.coli BK. pneumoniae M. luteus

Antibacterial activity (%)

K 30 pg/ml A
Antibacterial agent (ug/ml)

Figure 4 - Antibacterial properties of BZT nanoparticle on E. coli, K. pneumoniae, M. luteus and S. aureus. (K is the abbreviation for standard 30 pg/mL
kanamycin and A, B and C show BZT in the concentration of 2, 5 and 10 pg/mL respectively.)
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Figure 5 - Reduction in initial bacterial concentration after 24 h of incuba-
tion with BZT at MIC values. Bacteria concentration is defined as Logj,
(CFU/mL).

MIC and MBC determination

The overall MIC values for these nanoparticles were
2.3 ug/mL, 7.3 pg/mL, 3 png/mL and 12 pg/mL for E. coli, K.
pneumoniae, M. luteus and S. aureus, respectively. This
value for E. coli (MTCC 443) is reported to be 40 pg/mL and
140 pg/mL for silver and copper nanoparticle, respectively
(Ruparelia et al., 2008). According to the reported MIC val-
ues by Ruparelia et al, this value for Ag and Cu nanoparticles
against S. aureus (NCIM 2079) is 120 pg/mL and
140 pg/mL, respectively. Minimum bactericidal concentra-
tion for E. coli, K. pneumoniae, M. luteus and S. aureus was
reported to be 2.3, 14, 3 and 18 pg/mL (Table 1).

Hemolysis assay

Hemolysis assay is a standard biological method to in-
vestigate cytotoxicity of an agent on red blood cells. For
BZT nano-powders, 6.5% hemolytic activity was observed
at 20 pg/mL in comparison with Triton X-100 as positive
control with 100% hemolysis. Low hemolytic activity makes
them potential candidates for further studies in drug delivery
and microbiology. But more studies on the cytotoxicity of
this nanoparticle are desired to verify their non-toxic effects
on human cells.

Table 1 - Minimum inhibitory (MIC) and bactericidal (MBC) concentra-
tions of BZT nano-powders.

Bacteria MIC (ug/mL) MBC (ug/mL)
E. coli (HP101BA 7601c) 2.3 2.3

K. pneumoniae 7.3 14

M. luteus (PTCC1625) 3 3

S. aureus (PTCC1431) 12 18
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Conclusions

In the present study, barium zirconate titanate nano-
particle has been synthesized and tested for antibacterial activ-
ity. Results showed that the desired nano-powders had
satisfactory antibacterial properties with slightly hemolytic
activity which probably make them a candidate as potential
antibacterial agents in DD systems. In the recent decade, some
nanoparticles have been introduced that showed antibacterial
and anti-cancer properties and consequently studied for their
potential as antibacterial agents (Selvaraj ef al., 2010; Fontana
et al., 1998). Studies show that some nanoparticles and nano-
structures, especially carbon nanotubes and nanoceramics, are
widely used in medicine and medical instruments due to their
unique chemical and physical structures (Ercan et al., 2011;
Zhou et al., 2010). Gelain et al., in 2011 reported that some of
these nanostructures can be useful in the development of cell
and tissue engineering procedures and they could increase the
drug efficiency (Gelain et al., 2011). They also have role in
food industry, agriculture and human and veterinary medicine
(Wolska et al., 2012). The enhanced antibiotic efficacy of
these nano-powders in combination with conventional anti-
bacterials on HIV-1 virus and other pathological infections
has also been confirmed by several independent researches
(Wolska et al., 2012; Mahajan et al., 2012; Dar et al., 2013;
Mirzajani et al., 2011). Due to their nano size and bio-
compatibility with cells and because these nanoparticles have
exhibited potential as drug delivery system, nanoceramics
have attracted many attentions for further studies in pharma-
cology and nanomedicine (Roy ef al., 2003). Due to ceramic
nature of BZT nanoparticle, it is suggested to evaluate the po-
tential of BZT nanoparticle as coatings in variety of medical
or surgical instruments. Using nanostructures and nanocera-
mics may provide millimeter-scale precision at a much lower
cost compared to current technologies in medicine, drug de-
livery and pharmaceutical sciences (Kaufman ez al., 2013).
But, much more studies are required to prove the suggested
applications of nanostructures.
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