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Abstract

due to the increasing resistance to antimicrobial agents.

agents.

Background: Notwithstanding the current advances in the drug discovery and the pharmaceutical biotechnology, the bacterial
infectious diseases are still one of the biggest health concerns worldwide. Also, the new therapeutic methods are urgently required

Objectives: The current study aimed at investigating the synergic effect of eucalyptus leaf oil and silver nanoparticles (Ag NPs) on
Escherichia coli H7:0157, Escherichia coli, methicillin-resistant Staphylococcus aureus (MRSA), Salmonella enterica, and Bacillus subtilis.
Methods: The current experimental study was performed in Islamic Azad University, Iran. The disc diffusion method, well diffusion
method, and broth dilution assay were used in the current study.

Results: Results showed that none of the drugs affected the bacteria by disk diffusion method. In broth dilution method, E. coli
0157:H7, E. coli, MRSA, and S. enterica showed the same susceptibility and B. subtilis showed more susceptibility to the combined

Conclusions: The current study showed the synergic effect of Ag NPs 1.5 ppm plus eucalyptus leaf oil on the growth inhibition of E.
coli 0157:H7, E. coli, MRSA, S. enteric, and B. subtilis. The combined drug showed more efficiency; lower dose of each medicine in the
combinatory form decreased the toxicity in the treatment of infections caused by these bacteria.
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1. Background

Bacteria are known as the cause of various human dis-
eases from the late 1800s (1). Notwithstanding the cur-
rent advances in the drug discovery and the pharmaceu-
tical biotechnology, the bacterial-induced infectious dis-
eases are still one of the biggest health concerns world-
wide, affecting millions of people every year (2).

Antimicrobial drugs saved millions of patients with
chronic infections (1). Antimicrobial agents, epithet mirac-
ulous medications are the optimism of medical commu-
nity in the past, but recent evidence indicated their strong
restriction (3-7).

It should be mentioned that, bacteria evolve a variety
of mechanisms of resistance to antibiotics. Hence, it is a
great challenge to treat the infections caused by bacteria
(811). It is clear that over the marketing of a new com-
pound, typically the resistance is observed from1to 3 years
(12-14). Until 2010, the care costs of resistant pathogens
were 5 billion $US per year (12), which is expected torise. On
the other hand, the major pharmaceutical corporations
are losing appeal in the research and development of an-

tibiotics. That is why such drugs are not quite reward-
ing in terms of the long-term benefits in comparison with
medications used to treat chronic infections demanding
the long therapy periods (15, 16). The development is ex-
pensive, time-consuming, risky, and unappealing due to
the too short lifecycle of antibiotics (due to bacterial resis-
tance) (15). The pipeline of new medications based on an-
timicrobials is being dried significantly. All in all, it is clear
that the steady increase in the resistance of bacteria to an-
tibiotics, coupled with a significant decrease in the con-
firmed antibacterial agents in the last decades is creating
a great concern worldwide, and bacterial infections repre-
sent one of the major healthcare threats (13).

Dueto the antimicrobial resistance, infectious diseases
are one of the major health care challenges worldwide.
Furthermore, disadvantages of conventional antimicro-
bial agents are the developing multidrug resistance and
adverse side effects. Resistance to the drugs enforces the
administration of high antibiotic doses, which in turn
cause unbearable toxicity. This encourages the develop-
ment of alternative approaches to treat bacterial diseases
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(17). It seems that looking for a new strategy for this prob-
lem is necessary.

The high surface area to volume ratio of nanoparticles
(NP) results in the development of new properties of NPs
that differ from bulk properties (18). There is evidence that
Ag NPs can directly harm membranes of bacteria, silver
nanomaterials seem to exert the bactericidal activity sig-
nificantly by the continuous release of silver ions (alone
or in combination), by an increase in the permeability of
the membrane, loss of the proton motive force, the induc-
tion of deenergization of cells and efflux pumps of phos-
phate, leakage of the cellular content, and DNA replication
disruption (19).

The NPs offer improved properties to organic antibac-
terial agents (18). It is shown that Ag NPs have syner-
gic activities with antibiotics such as kanamycin, ampi-
cillin, chloramphenicol, and erythromycin against gram-
positive and gram-negative bacteria. The combination of
Ag NP with organic antibacterial agents has effective an-
tibacterial activity (20). In other studies, the NPs offered
improved properties to essential oils; Scandorieiro et al.
showed oregano essential oil plus Ag NPs had synergic ef-
fectagainst all 3 extended spectrum beta-lactamase (ESBL)-
producingE. coli and this combination had bactericidal ac-
tivity (21). The antibacterial activity of the eucalyptus oil
was shown in different studies (22-26).

2. Objectives

The current study aimed at evaluating antibacterial ac-
tivity of double drug combination including eucalyptus
leaf oil and Ag NPs against some pathogenic bacteria.

3. Methods

3.1. Preparing the Eucalyptus Oil

The fresh leaf of eucalyptus were gathered from Tonek-
abon jungles, Mazandaran, Iran, and identified as Euca-
lyptus camaldulensis by the Islamic Azad University herbar-
ium. Leaf was dried in dark shade, and then, milled. To pre-
pare the oil extract, Clevenger apparatus was used. Then,
10 g of leaf was added to the balloon apparatus and 1 liter
water was poured. After 4 hours, the extracted oil was
poured in a dark bottle, and transferred to a refrigerator.
The dimethyl sulfoxide (DMSO) was used to prepare dif-
ferent concentrations of oil and as negative control; 0.1
mg/mL of the essential oil was prepared as stock.

3.2. Strains and Microbial Suspension

The MRSA ATCC 33591, E. coli 0157:H7 ATCC 33150, E. coli
PTCC 1399, S. enterica PTCC 1709, and B. subtilis PTCC 1156
were provided from Iranian research organization for sci-
ence and technology (IROST). After testing all microorgan-
isms, the suspensions were prepared according to 0.5 Mc-
Farland.

3.3. Preparing Ag NPs

The Ag NPs (4000 ppm) were provided by Iranian
Pishgaman Nonomaterial Company (Mashhad). The sizes
of NPs were 20 nm and spherical.

3.4. Disk Diffusion Assay

Ten milliliters of microbial suspension was added to
Muller-Hinton agar medium. Six disks containing 100, 50,
25, 12.5, 6.25 and 3.12 mg/mL oil, NPs, and the combined
drug were placed on each plate. After incubation for 24
hours at37°C, the growth inhibition zones were measured.
This test was repeated 3 times and finally the average was
taken into account (27).

3.5. Macrodilution Assay

The minimal inhibitory concentration (MIC) values of
both antimicrobials were determined by broth macrodilu-
tion method according to the clinical and laboratory stan-
dards institute (CLSI) guidelines 2012, with necessary mod-
ifications (28). Then, the concentrations of 100, 50, 25, 6.25,
and 3.12 mg/mL of essential oil and the concentrations of
100, 50, 25,12.5, 6.25, and 1.5 ppm of Ag NPs were obtained.
One hundred milliliters of microbial suspensions 108 CFU
mL?were added to Muller-Hinton broth, which contained
different amounts of oil, Ag NPs, and the combined drug.
After incubation for 24 hours at 37°C, the MICs were de-
termined. To determine minimal bactericidal concentra-
tion (MBC), 10 mL of suspensions were cultured on Muller-
Hinton agar. After incubation, the MBCs were determined.

3.6. Synergic Effect Assay

After determining the MIC and MBC, in order to de-
termine the synergic effect, the amounts of 2 folds, equal,
half, and quarter of oil MIC were tested along with silver
nanoparticle MIC (as constant).

4. Results

Results showed that the eucalyptus oil, Ag NPs, and a
combination of both of them had no effect on the growth
of the studied bacteria based on the disk diffusion method.
The MIC and MBC of eucalyptus oil, Ag NPs, and a com-
bination of both drugs against all strains of MRSA, E. coli
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0157:H7, E. coli, S. enterica, and B. subtilis are shown in Tables
1to 7. The MIC and MBC values of eucalyptus oil against all
strains were observed in the range of 12.5 to 25 mg/mL and
25 to 50, respectively (Table 1). These amounts for Ag NPs
were 3.12 and 6.25 ppm, respectively (Table 2). Regarding
the combinations, these amounts were in the range of 6.25
to12.5 mg/mL with 1.5 ppm Ag NPs (Tables 3 to 7).

5. Discussion

According to the current study results, the synergis-
tic effect of eucalyptus leaf oil and Ag NPs were accept-
able. As it can be observed, fewer doses were used in the
combined drug, compared with the doses used in the non-
combinatory form. Escherichia coli 0157:H7, E. coli, MRSA,
and S. enterica showed the same susceptibility, but B. sub-
tilis showed more susceptibility to the combined drug.

Some studies confirmed the claim that some organic
matters have synergistic effects alongside the NPs. Mirzaei
et al. evaluated the antimicrobial effect of plant peptide
MBP-1 and Ag NPs, along with their synergistic effect on
skin infection caused by Pseudomonas aeruginosa. Their re-
sults showed that the MIC and MBC of MBP-1 plus Ag NPs on
P.aeruginosawere 400 pg/mL plus1.56 ppmand 500 pg/mL
plus 3.125 ppm, respectively (29).

Sharifi-Rad et al. reported that when allicin and Ag
NPs were used in combination exhibited a synergistic ac-
tivity in such a way that the MIC of allicin plus Ag NPs on
MRSA were 0.4 mg/mL plus 1.1 ppm, respectively (30). These
amounts in the current study results were 6.25 mg/mL plus
1.5 ppm, respectively. Then, allicin has more antimicrobial
activity compared with eucalyptus oil against MRSA.

Naghsh et al. investigated the effect of eucalyptus plus
Ag NPs as a new combination to inhibit the growth of E.
coli. The result showed that the eucalyptus plus Ag NPs had
maximum inhibitory effect on the growth of E. coli1day af-
ter the treatment. The results of this study suggested that
the Ag NPs in combination with eucalyptus oil can be help-
ful to treat bacterial infections (31). The current study re-
sults indicated that the MIC and MBC of the combined drug
for E. coli were 6.25 mg/mL plus 1.5 ppm Ag NPs and 12.5
mg/mL plus 1.5 ppm Ag NPs, respectively.

Comparison of alcoholic extract of eucalyptus plus Ag
NPs as a new nanocomposite to inhibit the growth of As-
pergillus niger were investigated by Naghsh et al. Their
results showed that the number of A. niger colonies de-
creased dramatically (P < 0.01) in 12.5 ppm of Ag NPs-
eucalyptus 24 days after incubation (32).

Carbon complex silver (SCCs) with different formu-
lations in some types including micelles and NPs have
efficient toxicity against clinically important pathogens
such as Klebsiella pneumoniae, MRSA, Burkholderia cepacia,
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multidrug-resistant Acinetobacter baumannii, and P. aerugi-
nosa in the range of 0.5 to 90 mg|L (33).

Scandorieiro et al. showed that oregano essential oil
plus Ag NPs had synergic effectagainstall 3 ESBL-producing
E. coliand this combination also showed bactericidal activ-
ity (21).

Sheikholeslami et al. demonstrated that Ag NPs had
synergic effects with Zataria multiflora essential oil and
methanolic extract against some pathogenic bacteria;
their results indicated that the MIC and MBC values of
Ag NPs against Staphylococcus aureus, MRSA, Staphylococcus
epidermidis, and P. aeruginosa were in the range of 15.6 to
500 ug/mL. These values for the essential oil and plant ex-
tract were in the range of 1.56 to 100 mg/mL (34).

The shape, size, and controlled disparity of NPs play an
important role in the determination of the properties at-
tributed to their applications in the area of biomedicine (2,
35). Martinez-Castanon et al. noticed that the antibacterial
activity of NPs varied when their sizes decreased (36).

There are a lot of other reports on the antibacterial
effects of various NPs, but some reports were contradic-
tory (37-40). These reports suggest that NPs toxicity mecha-
nisms are exceedingly complicated and depend on various
factors such as composition, surface modification, intrin-
sic properties, and the bacterial species.

The precise mechanisms of NP toxicity toward various
bacteria are not completely understood. NPs are capable of
binding to the membrane of the bacteria by means of the
electrostatic interaction and interrupt the integrity of the
bacterial membrane (41). Nanotoxicity typically triggered
the oxidative stress induction by free radical formation af-
ter administering NPs (42, 43).

In conclusion, the current study results confirmed that
1.5 ppm Ag NPs plus eucalyptus leaf oil had synergic effect
on inhibiting the growth of E. coli 0157:H7, E. coli, MRSA, S.
enterica, and B. subtilis. The combined therapy was more ef-
fective while lower doses of medicines were used and sub-
sequently the toxicity of the medicine was decreased. The
findings of the current study suggested that Ag NPs plus
eucalyptus leaf oil can be a good alternative to treat some
bacterial diseases.
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Table 1. The MIC and MBC of Eucalyptus Leaf Oil Against Some Bacterial Patogens

Strain MIC/MBC 100 50 25 12.5 6.25 3.12

MIC - - . . ¥ 4
Escherichia coli 0157: H7

MBC - - - + + +

MIC - - B . ¥ -
E. coli

MBC - - . ¥ ¥ n

MIC - - - - + +
MRSA

MBC - - : ¥ ¥ +

MIC - - - - + +
Salmonella enterica

MBC - - - + + +

MIC - - - + + +
Bacillus subtilis

MBC - - + + + +

Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus, +, microorganism growth; -, without microorganism growth.

Table 2. The MIC and MBC of Silver Nanoparticles Against Some Bacterial Patogens

Strain MIC/MBC 100 50 25 12.5 6.25 312 15

MIC - - - - - - +
Escherichia coli 0157:H7

MBC - - - - - + +

MIC - - - - - - +
E. coli

MBC - - - - - + +

MIC - - - - - - +
MRSA

MBC - - - - - + +

MIC - - - - - - +
Salmonalla enterica

MBC - - . . . ¥ N

MIC - - - - - - +
Bacillus subtilis

MBC - - - - - + +

Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus, +, microorganism growth; -, without microorganism growth.

Table 3. Synergic Effect of Eucaliptus Oil MIC Plus Silver Nanoparticle MIC Against Escherichia coli 0157:H7 ATCC 33150

Strain MIC/MBC | 25 | 125 | 625 | 312

MIC - - - +

Escherichia coli 0157: H7
MBC - - + +

Abbreviations: +, microorganism growth; -, without microorganism growth.
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Table 4. Synergic Effect of Eucaliptus Leaf Oil MIC Plus Silver Nanoparticle MIC
Against Escherichia coli PTCC 1399

Strain MIC/MBC | 25 | 125 | 625 | 312
MIC - - - +
Escherichia coli
MBC - - + +

Abbreviations: +, microorganism growth; -, without microorganism growth.

Table 5. Synergic Effect of Eucaliptous Leaf Oil MIC Plus Silver Nanoparticle MIC
Against Methicillin-resistant Staphylococcus aureus ATCC 33591

Strain MIC/MBC 25 12,5 6.25 312
MIC - - - +
MRSA
MBC - - + +

Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus, +, microor-
ganism growth,; -, without microorganism growth.

Table 6. Synergic Effect of Eucaliptous Leaf Oil MIC Plus Silver Nanoparticle MIC
Against Salmonella enterica PTCC 1709

Strain MIC/MBC 25 12,5 6.25 312
S. enterica MIC - - - +
MBC - - + +

Abbreviations: +, microorganism growth; -, without microorganism growth.

Table 7. Synergic Effect of Eucaliptous Leaf Oil MIC Plus Silver Nanoparticle MIC
Against Bacillus subtilis PTCC 1156

Strain MIC/MBC | 25 | 125 | 625 | 312
MIC - - + +
B. subtilis
MBC - + + +

Abbreviations: +, microorganism growth; -, without microorganism growth.
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