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Abstract

Today, there is an increasing interest in the use of metal nanoparticles in
health sciences. Amongst all nanoparticles, the gold nanoparticles have been
known to kill the cancer cells under hyperthermic condition by near-infrared
frequency electromagnetic waves. On the other hand, although there are dif-
ferent physiochemical methods for disinfection of microbial pollution, however
applications of irradiated gold nanoparticles against microorganisms have not
yet been investigated. In this study, gold nanoparticles were prepared using
D-glucose and characterized (particle size <26 nm). In the next step, the en-
hancing effect of the non toxic level of gold nanoparticles (50 yg/mL) on the
antimicrobial activity of 2450 MHz electromagnetic radiation generated at a
microwave oven operated at low power (100 (), was investigated by time-
Rill course assay against Staphylococcus aureus (S.aureus) ATCC 29737. The
results showed that application of gold nanoparticles can enhance the lethal
effect of low power microwave in a very short exposure time (5 s).
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Introduction

Researchers

demonstrated that electro-
magnetic waves kill the microorganisms by

ternative disinfection process in industries to
decrease the number of viable bacteria ©.

changing the vibration frequency of the mo-
lecules V. Although it has been established
that high frequency electromagnetic waves
have enough power to kill microorganisms,
but these electromagnetic waves have many
side effects that impact human health *.
Nevertheless, the lower frequencies of elec-
tromagnetic waves and lower exposure times
can be used to reduce these adverse effects
® This method has been a candidate as an al-

Copyright © 2011, Avicenna Journal of Medlical Biotechnology. All rights reserved.

Microwaves are categorized as a non-ionizing
low frequency electromagnetic wave with fre-
quencies between 300 MHz and 300 GHz ©.
Many reports have been published on the
lethal effects of microwave radiation on mi-
croorganisms Y. Mechanisms underlying the
lethal effect of microwave radiation on micro-
organisms are yet to be discovered. Some re-
searchers hypothesized that electromagnetic
waves can increase the target temperature and
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destroy life. However, non-thermal effects of
electromagnetic waves, which are uniquely
reported for microwaves, have been reported
to be involved in lethal effects of electromag-
netic waves .

On the other hand, several physicochemical
methods have been developed to kill microor-
ganisms *'. Chemicals such as organic and
inorganic compounds are widely used for dis-
infection process "'?. Moreover, the anti-
microbial activity of different nanomaterials
such as gold nanoparticles (AuNPs) has re-
cently been reported ¥. Hyperthermic gold
nanoparticles under infrared radiation have
been used for destruction of cancer cells !?.
However, to the best of our knowledge, based
on literature survey, the antimicrobial activity
of AuNPs under electromagnetic radiation has
not yet been studied and ought to be recog-
nized.

In this study, AuNPs were synthesized with
D-glucose and applied to augment the lethal
effect of 2450 MHz electromagnetic radiation
against S.aureus. The results showed that
AuNPs significantly enhanced the lethal ef-
fect of electromagnetic radiation after a very
little incubation time (5 s).

Materials and Methods

Synthesis of gold nanoparticles

AuNPs were synthesized by a chemical
method as previously has been reported . In
this method, anhydrous D-glucose and soluble
starch are used as reducing compound and a
protecting agent, respectively. Forty wul of
ImM HAuCls.3H,O solution (Merck, Ger-
many) and 60 u/ of 0.1 M D-glucose solution
were added to 2 m/ of 0.2%w pure starch
(Sigma, USA) solution. Subsequently, 15 ul
of sodium hydroxide (Merck, Germany) solu-
tion was added to the aforementioned solution
mixed. The reaction mixture was incubated at
room temperature for an hour.

In the next step, the prepared AuNPs was
characterized by transmission electron micro-
scopy (TEM) (EM 208 Philips), UV-visible
spectrophotometry (Labomed Model UVD-
2950 UV-VIS Double Beam PC Scanning

spectrophotometer operated at a resolution of
2 min), and Energy-Dispersive Spectroscopy
(EDS) (EM 208 Philips). For TEM experi-
ment, aqueous suspension containing the
AuNPs was dispersed ultrasonically, and a
drop of suspension was located on carbon-
coated copper TEM grids and dried under an
infrared lamp. Micrographs were achieved
using a TEM (ZIESS 902A, Germany) oper-
ated at an accelerating voltage of 80 kV.

Finally, prepared AuNPs were separated by
centrifugation (20000 xg) for 45 min and
washed three times with double distilled
water. The pellet (0.8 mg) was re-dispersed in
1 ml distilled water (0.8 mg/ml) and homo-
genized in ultrasonic bath (5 min). This col-
loid was reserved in a screw capped container
at 4°C for further experiments.

Antibacterial susceptibility test

Liquid serial dilution method using Miiller—
Hinton Broth (MHB) was used for evaluation
of antibacterial activity of AuNPs against
S.aureus ATCC 29737. MHB was further
supplemented with serial concentrations of
AuNPs (6.25, 12.5, 25, 50, 100, 400, 800 ug/mL).
The inoculum was prepared from fresh cul-
ture of S.aureus. For this purpose, a loop full
of the culture was suspended in sterile normal
saline to 0.08-0.1 optical density (measured at
600 nm), which corresponded to about 5x10’
colony-forming units per milliliter (Cfu/mL).
An inoculum of approximately 5x10° Cfu/mL
of test strain was inoculated in the prepared
MHB as described above. The data are re-
ported as Minimum Inhibitory Concentration
(MIC), which was the lowest concentration of
AuNPs that inhibited visible growth of test
strain after 24 Ar of incubation at 37°C "9,

Time-kill course assay

The antibacterial activity of sub-inhibitory
concentration of AuNPs alone (50 ug/m/) and
in combination with 2450 MHz electromag-
netic radiation was evaluated against S.aureus
using time-kill course assay. A microwave
oven (Samsung M2330DN) operated at a low
power (100 W) was used in this experiment. A
suspension of S.aureus was prepared in sterile
0.9% NaCl. Aliquots of this bacterial suspen-
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sion (1 mL) were dispensed in 8 tubes. Four
test tubes containing the bacterial suspension
were supplemented with 62.5 ul of the above
AuNPs stock solution (50 ug/mL).

Then 62.5 ul of normal saline was added to
other test tubes and these vessels were labeled
as control tubes. In the next step, a test tube
contained AuNPs and its control tube (with-
out AuNPs) were exposed to microwave radi-
ation in the microwave oven (100 W) for 5 s.
This procedure was repeated for the other
samples and control tubes for additional times
(10, 15 and 20 s). The viable counts of bac-
teria in all the test tubes were determined be-
fore and after microwave treatment by stan-
dard Most Probable Number (MPN) method

an

Results

Synthesis and characterization

AuNPs were fabricated using D-glucose in
soluble starch solution at room temperature.
The appearance of purple color in reaction
vessel confirms the formation of AuNPs ¥,
The inset in figure 1 shows the reaction mix-
ture before (vessel A) and after reaction with
D-glucose for an Ar at the room temperature
(vessel B). The prepared colloid was charac-
terized by UV-visible spectroscopy. The tech-
nique outlined above proved to be very useful
for the analysis of nanoparticles ¥,

As illustrated in figure 1, a strong absorp-
tion band with a maxima located at 530 nm
was observed due to formation of AuNPs pro-
duced by the D-glucose. This peak is assigned
to a surface plasmon, phenomenon that is
well-documented for various metal nanopar-
ticles with sizes ranging from 2 nm to 100 nm
(19,20)

Figure 2A shows the TEM image of the
drop-coated film of the AuNPs and figure 2B
demonstrates their particle size distribution
histogram. Figure 2A shows that small nano-
particles have been prepared with a diameter
of less than 28 nm. Also, the mode of AuNPs
size histogram is under 4 nm which is in ac-
cordance with 40% of all of the particles
(Figure 2B). In the analysis of the AuNPs by

EDS, the presence of elemental gold signal
was confirmed in the sample (Figure 3). The
Au nanocrystallites display an optical absorp-
tion band peaking at 2.15 kel which is typical

1.4-

1.2

Absorbance (a.u.)

0.24

0

v T T 1 T 1
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 1. UV-visible absorption spectrum of gold nano-
particles fabricated by D-glucose. The inset in this figure
shows the vessels containing the reaction mixture before
(A) and after reaction with D-glucose for 1 hr at room
temperature (B)
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Figure 2. Transmission electron micrograph (A) from a
drop-coated film of prepared gold nanoparticles fabricated
by D-glucose for 1 Ar. The transmission electron micro-
scopy image shows that small spherical nanoparticles. The
particles size distribution histogram (B) shows that the
size of generated nanoparticles was less than 28 nm and
40% of these nanoparticles were smaller than 4 nm
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Figure 3. Energy-dispersive spectroscopy spectrum of pre-
pared gold nanoparticles. Gold X-ray emission peak is
labeled. Strong signals from the atoms in the nanoparticles
are observed in spectrum and confirm the reduction of
gold ions to gold nanoparticles
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Figure 4. The viability of test stain (S.aureus) during
treatment with low power microwave in the presence and
absence of gold nanoparticles fabricated by D-glucose

of the absorption of metallic gold nanocrystal-
lites @V

Antibacterial assay
The susceptibility of S.aureus ATCC
29737 against AuNPs was determined by

serial broth dilution method. The obtained
MIC was 100 ug/mL. The sub-MIC concen-
tration of AuNPs (50 ug/ml) was selected to
evaluate its enhancing effect on the lethal ef-
fect of certain electromagnetic wave (2450
MHz) generated in a microwave oven oper-
ated at low power (100 W).

Time-killed course study was selected for
investigation of antibacterial activity of
AuNPs alone and in combination with micro-
wave radiation against S.aureus. The result of
this experiment is shown in figure 4. Rapid
killing rate was observed for test strain in
presence of AuNPs (Figure 4). Microbiologic-
al examination of the inoculated suspensions
which contain AuNPs and treated in micro-
wave oven (100 W), showed no viable cells
after 5 s (Figure 4).

In contrast, we detected considerable num-
bers of viable cells (about >10" Cfu/mL) in
inoculated control tubes (without AuNPs)
which incubated under microwave radiation at
aforementioned time (5 s). This means that
adding AuNPs to samples can enhance the
antibacterial effect of microwave radiation
that generated at microwave oven (100 W).

Discussion

It should be pointed out that low oven
power (100 W) and sub-MIC concentration of
AuNPs (50 ug/ml) were selected to guarantee
that the effect produced in a short time expos-
ure (5 s) was due to the combined method and
not the effects of each factor alone. On the
other hand, the effect observed in this con-
dition could be due to the AuNPs-microwave
radiation combination.

In a separate experiment, the temperatures
of solutions which contain sub-inhibitory con-
centration of AuNPs (50 ug/ml) and treated
by microwave at the same conditions, were
also rapidly measured by a thermometer. The
obtained temperature were 38°C, 39°C, 43°C
and 47°C for samples which incubated for 5,
10, 15 and 20 s in microwave oven (100 W),
respectively.

At the concentration tested (50 wug/ml),
AuNPs significantly improved lethal effect of
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microwave radiation against S.aureus in 5 s.
Longer incubation (10, 15, 20 s) of control
samples (without AuNPs) in a microwave
oven operated at 100 ¥ led to gradual reduc-
tion of viable cells.

Anyhow, comparing the control samples,
the application of AuNPs together with
microwave radiation can significantly reduce
(four times) the time required for complete
destruction of test strain (Figure 4). In control
tubes, time-kill course assay showed that the
numbers of bacteria decreased to half the ratio
in 5 s under microwave radiation which ele-
vated temperature to 38°C. After 10 s, the
viable counts decreased to about 100 Cfu/mL
and temperature was 39°C. High killing rate
was observed in ambient temperatures in
microwave oven at 100 W. Therefore, non-
thermal effects of microwave radiations may
be involved in lethal phenomena. However, a
marked increase in local temperature can also
lead to the denaturation of proteins or disrupt-
tion of organized biomolecules in the micro-
organisms. Further investigation should be
carried out on the discovery of the possible
mechanisms throughout the thermal and/or
non-thermal effects in microwave radiation.

Conclusion

This investigation has described the en-
hancing effect of AuNPs on the lethal action
of electromagnetic radiation generated in a
microwave oven (100 W). Although many
studies have been conducted to show the
lethal effect of electromagnetic waves, but the
antibacterial activity of microwave in the
presence of AuNPs nanoparticles has never
been investigated. This is a first report on the
combined application of AuNPs with electro-
magnetic radiation for rapid killing of S.
aureus in a short exposure time (5 s).

Electromagnetic radiations have been used
as a killing agent ® and the application of
metal nanoparticles together with microwave
radiation can reduce the time required to com-
plete deactivation of microorganisms. This
combination may be used for removing of
contamination in medical devices like gauze

or non-metal dentistry devices in short times
22)

Moreover, AuNPs are considered as inert
and safe material *>. Therefore, this method
may be selected as a rapid process for steril-
ization of heat sensitive drug substance or
biological products in pharmaceutical indu-
stries. Further investigation should be per-
formed in the future works on the stability of
different chemicals during short time electro-
magnetic wave (2450 MHz) radiation process
using a microwave oven operated at 100 W.

Acknowledgement
This work was supported by Faculty of
Pharmacy, Tehran University of Medical
Sciences, Tehran, Iran.

References
1. Gier LJ. Effects of ultrashort radio waves and

ultraviolet light on microorganisms. Trans Kans
Acad Sci 1937;40(1-3):55-57.

2. Garcia MM, Brooks BW, Stewart RB, Dion W,
Trudel JR, Ouwerkerk T. Evaluation of gamma
radiation levels for reducing pathogenic bacteria
and fungi in animal sewage and laboratory efflux-
ents. Can J Vet Res 1987;51(3):285-289.

3. Morgan WF, Day JP, Kaplan MI, McGhee EM,
Limoli CL. Genomic instability induced by ioniz-
ing radiation. Radiat Res 1996;146(3):247-258.

4. Leonard A, Berteaud AJ, Bruyere A. An evaluation
of the mutagenic, carcinogenic and teratogenic po-
tential of microwaves. Mutat Res 1983;123(1):31-
46.

5. Geveke DJ, Brunkhorst C, Fan X. Radio frequency
electric fields processing of orange juice. Innovat
Food Sci Emerg Tech 2007;8(4):549-554.

6. Wiesbrock F, Hoogenboom R, Schubert US.
Microwave-assisted polymer synthesis: State-of-
the-art and future perspective. Macromol Rapid
Commun 2004;25:1739-1764.

7. Riddle MM, Smialowicz RJ Rogers RR. Micro-
wave radiation (2450-MHz) potentiates the lethal
effect of endotoxin in mice. Health Phys 1982;42
(3):335-340.

8. Vela G R, Wu JF. Mechanism of lethal action of
2450-MHz radiation on microorganisms. Appl En-
viron Microbiol 1979;37(3):550-553.

9. Ohlsson T, Bengtsson N. Microwave technology

Avicenna Journal of Medical Biotechnology, Vol. 3, No. 4, October-December 2011

Bio quife:mmmy//:dny woly papeojumog


http://www.ajmb.org

200

10.

11.

12.

13.

14.

15.

16.

Gold Nanoparticles and Antibacterial Activity of Microwave Radiation

and foods. Adv Food Nutr Res 2001;43:65-140.

Bialoszewski D, Bocian E, Bukowska B, Czajkow-
ska M, Sokol-Leszczynska B, Tyski S. Antimicrob-
ial activity of ozonted water. Med Sci Monit 2010;
16(9):MT71-5.

Bryce EA, Spence D, Roberts FJ. An in-use evalu-
ation of an alcohol-based pre-surgical hand disin-
fectant. Infect Contr Hosp Epidemiol 2001;22(10):
635-639.

Rai M, Yadav A, Gade A. Silver nanoparticles as a
new generation of antimicrobials. Biotechnol Adv
2009;27(1):76-83.

Arshi N, Ahmed F, Kumar S, Anwar MS, Lu J,
Koo BH, et al. Microwave assisted synthesis of
gold nanoparticles and their antibacterial activity
against Escherichia coli (E.coli). Curr Appl Phys
2011;11(1 Supplement):S360-S363.

Huff TB, Tong L, Zhao Y, Hansen MN, Cheng JX,
Wei A. Hyperthermic effects of gold nanorods on
tumor cells. Nanomedicine 2007;2(1):125-132.

Raveendran P, Fu J, Wallen SL. A simple and
“green” method for the synthesis of Au, Ag, and
Au-Ag alloy nanoparticles. Green Chem 2006;8(1):
34-38.

Andrews JM. Determination of minimum inhibi-
tory concentrations. J Antimicrob Chemother 2001;
48(Suppl 1):5-16.

17.

18.

19.

20.

21.

22.

23.

Oblinger JL, Koburger JA. Understanding and
teaching the most probable number technique. J
Milk Food Technol 1975:38:540-545.

Shakibaie M, Forootanfar H, Mollazadeh-Moghad-
dam K, Bagherzadeh Z, Nafissi-Varcheh N, Shah-
verdi AR, et al. Green synthesis of gold nanopar-
ticles by the marine microalga Tetraselmis suecica.
Biotechnol Appl Biochem 2010;57(2):71-75.

Henglein A. Physicochemical properties of small
metal particles in solution: “microelectrode” reac-
tions, chemisorption, composite metal particles,
and the atom-to-metal transition. J Phys Chem B
1993;97(21):5457-5471.

Sastry M, Mayya KS, Bandyopadhyay K. pH de-
pendent changes in the optical properties of carb-
oxylic acid derivatized silver colloidal particles.
Colloid Surf A 1997;127(1-3):221-228.

Singaravelu G, Arockiamary J S, Kumarb VG, Go-
vindaraju K. Colloid Surf B Biointerfaces 2007;57:
97-101.

Cardoso VH, Goncalves DL, Angioletto E, Dal-
Pizzol F, Streck EL. Microwave disinfection of
gauze contaminated with bacteria and fungi. Indian
J Med Microb 2007;25(4):428-429.

Pissuwan D, Cortie CH, Valenzuela SM, Cortie M.
Functionalized gold nanoparticles for controlling
pathogenic bacteria. Trends Biotechnol 2010;28(4):
207-213.

Avicenna Journal of Medical Biotechnology, Vol. 3, No. 4, October-December 2011

Bio quife:mmmy//:dny woly papeojumog


http://www.ajmb.org

