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a b s t r a c t

Methicillin-Resistant Staphylococcus aureus (MRSA) is an important cause of difficult-to-treat infections.
The present study aims to investigate sonodynamic inactivation of MRSA in planktonic condition using
curcumin under ultrasound sonication. Dark toxicity of curcumin to MRSA was investigated to choose
the concentration range of curcumin used in the study. The uptake of curcumin in MRSA was observed
before ultrasound sonication. After sonication colony forming units (CFUs) and bacterial viability were
investigated using fluorescence assay. Additionally, chromosomal DNA fragmentation was also analyzed.
Curcumin showed no dark toxicity to MRSA in the concentration range of 6500 lM. The maximum
uptake of curcumin in MRSA occurred in 50 min after curcumin incubation. Counting of CFUs showed
that curcumin had significantly sonodynamic killing effect on MRSA in a curcumin dose-dependent man-
ner, and 5-log reduction in CFU was observed after curcumin treatment (40 lM) at room temperature in
the dark for 50 min followed by exposure to ultrasound with intensity of 1.56 W/cm2 for 5 min. The ratio
of green-fluorescent intensity to red-fluorescent intensity was obviously decreased after curcumin treat-
ment under ultrasound sonication. No significant change in chromosomal DNA was found in the cultured
MRSA after the combined treatment of curcumin and ultrasound. These results demonstrated that sono-
dynamic action of curcumin had significant inactivation of MRSA in planktonic condition.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Methicillin-Resistant Staphylococcus aureus (MRSA) is a Gram-
positive bacterium which was first reported in 1961 [1]. Recently,
MRSA has evolved from controllable nuisance into a serious public
health concern and resulted in more than one-half of the nosoco-
mial infections with S. aureus strains in most countries including
China [2]. In the community, MRSA mostly causes skin and soft
tissue infections [3,4]. In the hospital, MRSA is an important cause
of nosocomial infections such as intravenous catheter associated
infections, ventilator associated pneumonias and surgical wound
infections [5,6]. Owing to the antibiotic resistance common
b-lactam antibiotics including oxacillin, penicillin, and amoxicillin
are ineffective. Although vancomycin, a glycopeptide, is considered
to be an effective way to treat MRSA infections, there has also been

increasing evidence of vancomycin-resistant S. aureus in the clini-
cal setting [7,8]. Therefore, alternatives are urgently needed to
treat MRSA infections.

Ultrasound has been extensively applied in medicine and biol-
ogy over the past few years. Among these numerous applications,
ultrasound therapeutic technology has attracted more and more
attentions because of its many unique advantages such as safe
and convenient operation, relative low-cost, easy focal and deep
penetration in biological tissue [9,10]. Sonodynamic therapy
(SDT) or sonodynamic chemotherapy (SDCT) or sonodynamically
antibacterial chemotherapy (SDACT) is an interesting ultrasound
therapeutic modality for treating malignancies [11–13]. SDT is
based on the generation of reactive oxygen species (ROS) in situ
to kill cancer cells via the activation of sonosensitive agent called
sonosensitizer under ultrasound sonication [14,15]. Sonosensitive
agent is an important component to develop sonodynamic therapy
in clinical settings. Our previous study showed curcumin, a natu-
rally occurring pigment from a traditional herb the rhizomes of
Curcuma longa, had significant ROS production in cultured cancer
cells and caused remarkably cellular damage under ultrasound
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sonication [16,17]. In the present study, we extended our study to
investigate sonodynamic killing of MRSA in planktonic condition
using curcumin under ultrasound sonication.

2. Materials and methods

2.1. Bacterial strain and culture

Methicillin-resistant Staphylococcus aureus (MRSA) strain (ATCC
BAA-43) was inoculated in 2 ml Mueller–Hinton (MH) broth
(Oxoid, Thermo Fisher Scientific, MA, USA) and cultured aerobically
at 37 �C overnight. An aliquot of 500 lL was transferred to 50 ml
MH broth with shaking at 200 rpm for 3 h. After that, the cells were
harvested by centrifugation at 4500 rpm for 15 min and resus-
pended in 0.85% saline to a turbidity of approx 1.0 � 106 CFU/ml.

2.2. Sensitizer

Curcumin was used as a sensitizer in the present study from
Sigma–Aldrich (MO, USA). A stock solution (10 mM) was prepared
in dimethyl sulfoxide (DMSO) and kept in the dark at �20 �C until
used.

2.3. Dark toxicity test

Bacterial suspensions were incubated with curcumin at various
concentrations (500, 50, 5, 0.5 lM) in the dark at room tempera-
ture for 0, 5, and 24 h. After that, 10 lL of cell suspension was
spread on the Mueller–Hinton agar (MHA) in 10-fold serial dilu-
tions. colony forming unit (CFU) was counted after incubation for
24 h at 37 �C.

2.4. Uptake of curcumin in MRSA

According to the method described by Tseng et al. [18], curcu-
min was added into the bacterial suspension to a final concentra-
tion of 50 lM. After addition of curcumin, 0.5 ml of each sample
was removed at every 10-min interval. All samples were rinsed
with 0.85% saline twice and resuspended in 1 ml of 0.1 M glycine
hydrochloride (pH 3.0) for 17 h at RT. Samples were centrifuged
at 5600 g for 10 min. Fluorescence of the supernatant was mea-
sured at an excitation wavelength 425 nm with emission wave-
length at 500–700 nm on a microplate reader (Infinite M200,
Tecan Group Ltd., Switzerland). The relative fluorescence intensity
was represented as Ft (after adding curcumin at time t) minus F0

(before adding curcumin).

2.5. Sonodynamic treatment

All experiments were randomly divided into 4 groups: the
combined treatment of curcumin and ultrasound (bacteria were
incubated with curcumin before ultrasound exposure), sham
insonication alone (bacteria were not pretreated by curcumin but
only exposed by ultrasound), curcumin treatment alone (bacteria
were not exposed by ultrasound but only incubated with curcu-
min), and sham treatment (bacteria were treated by neither ultra-
sound nor curcumin). Briefly, aliquots of 500 lL cell suspension
and 500 lL curcumin working solution of various concentrations
were transferred to separate wells of 24-well flat bottom plate
(Corning, MA, USA). After incubation at room temperature in the
dark for 50 min, the 24-well plate was fixed on a platform in an
acrylic water tank containing degassed water and a 1.6-cm-diam-
eter plane transducer emitting plane waves was fixed at the bot-
tom of the tank, thus the cells in each well were centered in the
ultrasound beam at a distance of 1.0 cm from the transducer and

exposed to ultrasound with the spatial average ultrasonic intensity
of 1.56 W/cm2 and a frequency of 1 MHz in continuous waves for
5 min.

2.6. Determination of bacterial counts in colony formation unit (CFU)

500 lL cell suspension (1 � 106 CFU/ml) was transferred to
24-well flat bottom plate containing 500 ll volume with final
concentrations of curcumin at 2.5, 5, 10, 20, 40 lM. The plates
were incubated in the dark at room temperature for 50 min
followed by ultrasound exposure, and the bacterial viability
was assessed using the colony counting method as described
above.

2.7. Bacterial viability assay

Bacterial viability was evaluated with LIVE/DEAD BacLight™
Bacterial Viability Kit (L7012, Invitrogen, CA, USA). The kit
provides two colour fluorescence assay of bacterial viability that
is based on the mixture of SYTO 9 and propidium iodide (PI),
which are the green-fluorescent nucleic acid stain and the
red-fluorescent nucleic acid stain, respectively [19]. According to
the protocol, bacteria suspensions were adjusted to 2.0 � 107

CFU/ml and then treated by curcumin (40 lM) together with
ultrasound exposure at intensity of 1.56 W/cm2 for 5 min. After
that, 3 lL mixture of SYTO 9 and PI was added to each 1 ml
bacterial suspension and incubated at room temperature in the
dark for 15 min. The stained bacterial cells were visualized under
the fluorescence microscope (ECLIPSE 80i, Nikon, Tokyo, Japan)
with the FITC-TRITC dual band excitation filter combination for
SYTO 9 and PI simultaneously. Meanwhile, the fluorescence
intensity of the stained bacteria were measured at the excitation/
emission about 485/530 nm (emission 1; green) for SYTO 9 and
485/630 nm (emission 2; red) for PI using the fluorescence
microplate reader (DTX-880, Beckman Coulter, CA, USA). The
percentage of live cells in each group was represented by
dividing the fluorescence intensity at emission 1 by the fluores-
cence intensity at emission 2.

2.8. DNA fragmentation analysis

Firstly, bacterial suspensions (1.0 � 108 CFU/ml) were subjected
to the sonodynamic treatment as described. Bacterial DNA was
prepared by embedding the treated bacteria in the agarose plugs
and analyzed by pulsed-field gel electrophoresis (PFGE) with a
CHEF DR-III apparatus (Bio-Rad, CA, USA) using switch times of 5
s to 35 s for 30 h at 6.0 V/cm. Last, the gel was stained for 1 h with
SYBR� safe DNA gel stain (Invitrogen, CA, USA) and visualized
using UV light transilluminator.

2.9. Statistical analysis

The statistical analysis of the data was processed using a statis-
tical package SPSS 13.0. Differences between groups were analyzed
by the analysis of variance (ANOVA). A P-value of less than 0.05
was considered statistically significant.

3. Results

3.1. Toxicity of curcumin on MRSA

In order to identify whether curcumin itself has killing effect on
MRSA in the dark, we incubated the bacterial cells with various
concentrations of curcumin at different incubation times. No bac-
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