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Sub-minimum Inhibitory Concentrations of Zinc
Oxide Nanoparticles Reduce the Expression of the
Staphylococcus aureus o-Haemolysin
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Saghalli, ef al.: Effect of Sub-MIC ZnO Nanoparticle on S. aureus a-haemolysin Expression

In this study, the effect of sub-minimum inhibitory concentrations of the zinc oxide nanoparticle on the
expression of the a-haemolysin gene as a significant virulence factor of Staphylococcus aureus is assessed. The
effect of sub-minimum inhibitory concentration (312.5 pg/ml) of the zinc oxide nanoparticle on the haemolysis
phenomenon was studied phenotypically on blood agar media with and without zinc oxide nanoparticles and
genetically by real time polymerase chain reaction method in media containing and without zinc oxide. The
haemolysis phenomena of all S. aureus isolates in a blood agar with a sub-minimum inhibitory concentration
and 1/2, 1/4 and 1/8 minimum inhibitory concentration of zinc oxide nanoparticles was completely restrained.
After performing real time polymerase chain reaction, the amount of 4la gene expression in 12 h culture in
media with 1/2 and 1/4 minimum inhibitory concentration of zinc oxide nanoparticles was reduced, but gene
expression in the 1/8 minimum inhibitory concentration was did not decrease. Haemolysis by S. aureus was
decreased in the presence of sub-minimum inhibitory concentration of zinc oxide nanoparticles. The use of
zinc oxide nanoparticle in sub-minimum inhibitory concentration as cover of artificial instruments such as
catheter, intravascular catheters or shunts to control bacterial infection is suggested for further study.
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Staphylococcus aureus is Gram-positive, facultative
anaerobic cocci, which is the most important
species in the Staphylococcus genus from a medical
perspectivelll. Methicillin-resistant S. aureus (MRSA)
and vancomycin intermediate sensitive S. aureus
(VISA) strains, which are mainly seen in hospitals, are
one of the problems in the field of nosocomial infection
treatments in the 21% century?. Search for drugs or
factors with an ability to eliminate this bacterium in
healthy carriers or patients can immensely reduce the
risk of nosocomial infections and prevent deaths and
additional expensesPl. Increase in the use of artificial
tools and instruments and intravascular catheters and
tubes are important factors responsible for the spread
of this bacterium and other pathogenic bacteria in
hospitals®. Reducing the risk of infection transmission
by adding antimicrobials, especially nanoparticles,
to artificial instruments can decrease nosocomial
infection®. One of the difficulties of working with
antimicrobials at high dosage is that as a result of

*Address for correspondence
E-mail: eghaemi@yahoo.com

November-December 2016

prolonged usage or high density they can cause toxicity
in host!®l.

Alpha-toxin is the most important cytotoxic factor
produced by S. aureus and the first identified bacterial
exotoxin from pore-forming toxins categories. Alpha-
toxin is a toxin with 293 amino acids, which is secreted
in the form of water-soluble monomers from bacterial
cells and is produced by 95% of S. aureus strains.
Alpha-toxin has a heptagon structure!”. The encoding
gene of a-toxin is the 4la gene, which is the genetic loci
responsible for a-toxin activity, including 1620 bp™. In
addition to leucocytes and red blood cells, a-toxin can
cause lysis on platelet population. In human, mouse
and rabbit erythrocytes, it causes haemolysis and
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in some cases leads to dermonecrotic problems and
hypodermic bleeding!®. Alpha-toxin is also important
in pneumonia, sepsis, septic arthritis, brain abscesses
and S. aureus corneal infections!'”. In addition to the
ability to create pores, this toxin induces the release of
cytokines and chemokine's such as interleukin 6 and
interleukin 1 and tumour necrosis factor-o, (TNF-a)!'!l,

The expression of a-toxin monomers is controlled by
several overall regulatory systems, one of which is the
accessory gene regulator (agr) locus, which is activated
when quorum sensing (bacteria population) happens
and performs the primary control in producing hla
with the help of RNA III. This happens in the late-log
and stationary phases of bacteria growth!'?. Inorganic
antimicrobials, such as zinc oxide (ZnO), magnesium
oxide (MnQO), and cupric oxide (CuQO) nanoparticles,
have been known as safe antimicrobials for human
and animal use!l. ZnO nanoparticles affect bacteria
in various ways; connecting to the SH groups (thiol)
of bacterial enzymes and proteins, affecting electron
transmission and cellular respiration, generating H,O,,
active oxygen and reactive oxygen species (ROS),
affecting the DNA and electrochemically destroying
cell wall and membrane!'¥. In this study, the effects
of sub-minimum inhibitory concentration of ZnO
nanoparticles on a-haemolysin gene expression in S.
aureus are determined.

MATERIALS AND METHODS

ZnO nanoparticles of the size 10-30 nm with a purity
of above 99% were obtained from the US Research
Nanomaterial Co. ZnO nanoparticle is a white powder,
insoluble in water, with a melting point of 1975°
special surface area (SSA) of 20-60 m?/g, and density
of 5.606 g/cm’.

Preparation of ZnO nanoparticle suspensions:

Ahomogenized solution of 3 mg pure ZnO nanoparticle
powder with 10 ml of pure propylene glycol as solvent
was obtained through sonication with Q-Sonica XL-
2000 ultrasonic homogenizer at 20000 HZ frequency
and 6 respective dilutions including 5000, 2500, 1250,
625, 312.5 and 156 pg/ml were obtained from that
solution by addition of propylene glycol as diluents.

Selection sub-MIC dose of ZnO nanoparticle:

For 26 isolations of S. aureus which showed clear
B-haemolysis on sheep blood agar, minimum inhibitory
concentrations (MIC) was determined through the agar
dilution method"%!. Bacteria were placed into 3 groups:
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The MIC in first (10 isolates), second (10 isolations)
and the third (6 isolations) groups were 625, 1250 and
2500 pg/ml, respectively. A 312.5 ng/ml dose was used
as sub-MIC for all isolates. Accordingly, 1/2, 1/4 and
1/8 MIC doses was actually used for the three groups.

Effect of sub-MIC concentration of ZnO
nanoparticles on haemolysis in the phenotypic
method:

Two methods of agar-well diffusion and streak plate
were used in the phenotypic method. Two series
of blood agar with 5% sheep blood were prepared.
The 312.5 pg/ml concentration (sub-MIC dose) of
ZnO nanoparticles was used for one series, and the
other series was prepared in a blood agar without
nanoparticles. A 100 pl of 10° cfu/ml suspension of
each S. aureus isolates was obtained and added to both
of the above series. After 24 h of incubation at 37°,
colony formation and also haemolysis on the surface
of the two series of culture media were detected and
recorded.

Effect of sub-MIC dose of ZnO nanoparticles on
a-haemolysin gene expression:

The effect of nanoparticles on o-haemolysin gene
expression in blood broth environment and in both
log growth phase at 4 h and stationary phase at 12 h
was studied®.. To achieve this, two series of Mueller-
Hinton broth culture media containing 5% sheep
blood were prepared; one series without nanoparticles,
and the other with 312.5 pug/ml concentration ZnO
nanoparticles as the sub-MIC dose. A 10° cfu/ml
suspension was obtained from fresh 24 h culture
of each isolate and 100 pl of it was added to both
media with and without nanoparticles. All tubes were
incubated at 37° in equal conditions. Some of the tubes
were removed from incubators after 4 h (the log phase)
and others after 12 h (the stationary phase) incubation
and after being sealed, the tubes were kept in -70° until
the extraction of RNA.

RNA extraction method:

The phenol-chloroform method with RNX-Plus
solution (CinnaGen Co.) was used to extract RNA.
In view of the high amount of peptidoglycan in the
S. aureus cell wall, 10 mg/ml lysozyme was used to
disrupt the cellular wall in this study!'?. The density (ng/
ul) of the extracted RNA was studied using picodrop
biophotometer at 260 nm (A, ) wavelength. The
quality and integrity of RNA were tested using agarose
gel electrophoresis and ethidium bromide staining, so
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that two bands of 1.2 kb (16S) and 2 kb (23S) were
seen (fig. 1). Fermantes DNase I, RNase-free kit was
used to discard the possible existing DNA, Revert Aid
First Standard cDNA (Thermo Scientific co.) was used
to make cDNA.

Evaluation of a-homlysin (%/a) gene expression:

Specific primers of the 4la gene and gyrB were selected
from the study reported by Oogai ef al. and were
confirmed in the National Center for Biotechnology
Information (NCBI) website using Blast pairing
location (Table 1)!'"). To perform real time polymerase
chain reaction (PCR), the QuantiFast SYBR Green
RT-PCR kit obtained from Kiagen was used with
ABI Prism 7300 Applied Biosystems Thermocycler.
Expression levels of target genes in prepared cDNA
samples from different isolates based on the gyrB
gene were normalized as internal controls. The CT,
ACT (ACT=CT, target -CT, reference) and AACT
(AACT=ACtsample-ACtcalibrator) were analysed
according the REST 2009 software. Finally, the change
in the gene expression (fold change) was calculated
through the 2-22¢T formulal®.

RESULTS AND DISCUSSION

In both of the phenotypic methods in question, the agar-
well diffusion method (fig. 2) and streak plate culture
method (fig. 3), haemolysis was stopped in 24 h culture
with 1/2 and 1/4 sub-MIC doses of ZnO nanoparticles
and no haemolysis was seen around the colony, while
nanoparticle-free wells had visible beta haemolysis.

L] 1 = 3 <2
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Fig. 1: RNA gel extracted in some of the samples.

o-haemolysin gene expression in 26 haemolysis-
generating isolates of S. aureus was studied in three
groups with 2500, 1250, 625 pg/ml MIC in a blood
agar culture media with (312 pg/ml concentration)
and without ZnO nanoparticles at log phase at 4 h and
stationary phase at 12 h using real time PCR method
(Table 2). In the log phase at 4 h, a-haemolysin gene
expression increased from 1.89 to 4.85 times, in all three
groups, but in the stationary phase at 12 h, a-haemolysin
gene expression decreased to 0.36 and 0.57 in the first
and second group, respectively, but it increased up to
1.7 in the third group. In both MRSA and methicillin-
sensitive S. aureus (MSSA) isolates the a-haemolysin
gene expression in stationary phase (12 h) is decreased
but this decrease is greater in MSSA (Table 3). While
S. aureus a-haemolysin gene expression in stationary
phase (12 h) has a significant decrease in isolates
derived from patients and in isolates derived from
carriers it shows a relative increase (Table 4).

With the increase in resistance to antibiotics and side
effects of synthetic drugs against bacterial infection in
the recent years, the tendency towards usage of metal
oxide nanoparticles has been growing. Preventing
microbial infections is one of the main applications
of these nanoparticles. Adding high dosage of
nanoparticles to artificial instruments, especially
intravascular catheters, urinary catheters and stitching
and bandage equipment can prevent the establishment
and growth of pathogenic bacteria. But the real
danger is that increasing the usage of high doses of
nanoparticles and repeating the usage of nanoparticle-
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TABLE 1: SELECTED PRIMERS FOR hla AND gyrB GENES

Name Sesquence (5 to 3) Product size (bp)

hla-F 5-GGGGACCATATGATAGAGATT-3 154
5-TGTAGCGAAGTCGGTGAAA-3

gyr-F 5-CGC AGG CGATTT TAC CAT TA-3 141

5-GCT TTC GCT AGA TCA AAG TCG-3
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Fig. 2: The effect of ZnO nanoparticles at sub-MIC doses on hemolysis by S. aureus isolates on the blood agar in the agar well
diffusion method.

(a) Blood agar medium with ZnO; (b) blood agar medium without ZnO

a b

Fig. 3: The effect of ZnO nanoparticles at sub-MIC doses on hemolysis and colony size of S. aureus isolates on the streak plate
culture method.
(a) With ZnO; (b) without ZnO

TABLE 2: a-HEMOLYSIN GENE EXPRESSION CHANGE IN THREE GROUPS OF S. AUREUS ISOLATES
WITH A SUB-MIC DOSE OF ZnO NANOPARTICLE IN BOTH Log AND STATIONARY PHASES

Group names MIC pg/ml  AA Ct at 4*" h (log 2-AACT at AACt at 12t 2 -AACT at
(number of phase) 4th h (gene h (stationary 12t h (gene
isolations) expression) phase) expression)

First group (10) 625 -0.92 1.89 1.72 0.36
Second group (10) 1250 -2 4 0.79 0.57
Third group (6) 2500 -2.28 4.85 -0.78 1.7

TABLE 3: a-HEMOLYSIN GENE EXPRESSION AT SUB-MIC DOSES OF NANOPARTICLES IN MSSA AND
MRSA ISOLATES

Resistance type of strains AACt at 4" h 2 -AACT at 4* h (gene AACT at 12t h 2 -AACT at 12t h (gene

(number of isolations) log phase expression) stationary phase expression)
MSSA (19) -1.84 3.58 1.01 0.49
MRSA (7) -1.59 3.01 0.1 0.93

TABLE 4: a-HEMOLYSIN GENE EXPRESSION AT SUB-MIC DOSES OF NANOPARTICLES IN ISOLATES
DERIVED FROM PATIENTS AND HEALTHY CARRIERS

Derivation source AACt at 4" h log  2-AACT at 4* h (gene AACT at 12" h 2-ACT at 12*" h (gene
(number of isolations) phase expression) (stationary phase) expression)
Patients (16) -1.1 2.14 1.68 0.31
Healthy earners (10) -2.83 7.1 -0.76 1.69

766 Indian Journal of Pharmaceutical Sciences November-December 2016



www.ijpsonline.com

treated material can lead to unknown risks in humans
and the environment. Quorum sensing, which is based
on cell signalling between bacterial'®, led us consider
very low dosage, rather than high dosage that kill
and discard bacteria of nanoparticles to decrease the
expression of virulent genes.

Haemolysis in S. aureus is controlled by a, B, & and
vy haemolysin genes. Among these four types of
haemolysin, a-haemolysin is the most important, since,
in addition to its haemolytic effect on red blood cells,
it leads to the death of platelets and white blood cells.
It also contributes to cutaneous disorders, because it is
dermonecrotic™. The results of our study showed that
1/2 up to 1/8 MIC densities of ZnO nanoparticles can
inhibit the haemolysis in all tested isolates of S. aureus
in 24 h cultures, meaning that although bacterial growth
continues, at least one pathogenic property is discarded.
It means that despite the decrease in nanoparticle dose
and reducing its side effect occurrences, the expression
of virulence factors of bacteria can be prevented.
Therefore, one can hope that by adding low doses
of these nanoparticles to catheters, bandages, sterile
gauzes and so on the pathogenicity of the bacteria can
be prevented.

One of the significant findings of this study is that
with sub-MIC doses of ZnO nanoparticles, although
bacterial growth did not stop and the bacteria survived,
colony size is conspicuously smaller than when they
grow in a nanoparticle-free culture medial”. Change
in colony size can ensue the bacteria’s change into a
strain of small colony variant (SCV)", which needed
more research for confirmation.

When investigating o-haemolysin gene expression
as one of the most important factors leading to
haemolysis in the presence of low concentration of
ZnO nanoparticles, we found that only after the bacteria
reached the stationary phase, the gene expression
showed a significant decrease at transcription level;
while in the log phase not only had the gene expression
decreased, but also increased. On the other hand, our
study showed that reduction in /#/a gene expression
in stationary phase occurred on 1/2 up to 1/4 MIC
doses of ZnO nanoparticles but not in 1/8% MIC
dose of this nanoparticle. These results showed that
ZnO nanoparticles at sub-MIC doses could reduce
haemolysis gene expression, but when the dose of
the nanoparticles was less than 1/4 of MIC, this
phenomenon could not be seen. Our results showed
that a-haemolysin gene expression in the stationary
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phase reduced to almost 4.8 times than that in the log
phase, which explained the cessation of haemolysis in
a 24 h culture.

While sub-MIC doses of ZnO nanoparticles in a 24 h
culture had well restrained haemolysis, a-haemolysin
gene expression had only relative reduction and various
reasons attribute for this phenomenon. Our opinion is
that (1) the ila haemolysin gene may be transcribed
but not translated, (2) the amount and density of
the a-haemolysin produced in the presence of ZnO
nanoparticles may not be enough to cause lysis in red
blood cells or even if there has been a partial lysis, it
is not visible by macroscopic view and (3) there is the
possibility that sub-MIC doses of ZnO nanoparticles
have restrained the expression of other encoding
haemolysin genes in addition to a-haemolysin, such as
B, vy and & haemolysins, leucocidin, which needs further
study.

One of the significant findings of our study was that
in MSSA strains, the reduction of a-haemolysin
gene expression in the presence sub-MIC dose ZnO
nanoparticles, was almost twice less than that of MRSA
strains, which might be due to the higher resistance
of MRSA strains to these nanoparticles. Ansari et
al.PV had determined the MIC of ZnO nanoparticles
on MRSA at 2000 pg/ml in their study, which was
similar to our findings. Our study showed that sub-MIC
doses of ZnO nanoparticles significantly reduced the
a-haemolysin gene expression in patients compared
to isolates derived from healthy carriers. Although the
reason for this is not known to us, the importance of
using these nanoparticles in low concentration to cure
patients became obvious.

Zn0O nanoparticles in sub-MIC doses up to 1/8 MIC in
a 24 h blood agar completely prevents haemolysis, but
only the doses of 1/2 up to 1/4 MIC could significantly
reduce transcription from a-haemolysin gene ina 12 h
culture. Sub-MIC doses of ZnO nanoparticles could be
used with artificial instruments, especially intravascular
and urinary catheters, stitching and bandage equipment,
to stop contamination and growth of pathogenic
bacteria, but this requires further investigation.
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