J. Microbiol. Biotechnol. (2017), 27(7), 1209–1215
https://doi.org/10.4014/jmb.1702.02009

Research Article

Review

jmb

Effective Thermal Inactivation of the Spores of Bacillus cereus Biofilms
Using Microwave
Hyong Seok Park1†, Jungwoo Yang1†, Hee Jung Choi2, and Kyoung Heon Kim1*
1

Department of Biotechnology, Graduate School, Korea University, Seoul 02841, Republic of Korea
Department of Internal Medicine, Division of Infectious Diseases, Ewha Womans University School of Medicine, Seoul 07985, Republic of Korea

2

Received: February 6, 2017
Revised: April 2, 2017
Accepted: April 10, 2017

First published online
April 20, 2017
*Corresponding author
Phone: +82-2-3290-3471;
Fax: +82-2-925-1970;
E-mail: khekim@korea.ac.kr
†

These authors contributed
equally to this work.
pISSN 1017-7825, eISSN 1738-8872

Copyright © 2017 by
The Korean Society for Microbiology
and Biotechnology

Microwave sterilization was performed to inactivate the spores of biofilms of Bacillus cereus
involved in foodborne illness. The sterilization conditions, such as the amount of water and
the operating temperature and treatment time, were optimized using statistical analysis based
on 15 runs of experimental results designed by the Box-Behnken method. Statistical analysis
showed that the optimal conditions for the inactivation of B. cereus biofilms were 14 ml of
water, 108°C of temperature, and 15 min of treatment time. Interestingly, response surface
plots showed that the amount of water is the most important factor for microwave sterilization
under the present conditions. Complete inactivation by microwaves was achieved in 5 min,
and the inactivation efficiency by microwave was obviously higher than that by conventional
steam autoclave. Finally, confocal laser scanning microscopy images showed that the principal
effect of microwave treatment was cell membrane disruption. Thus, this study can contribute
to the development of a process to control food-associated pathogens.
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Introduction
Bacillus cereus is a gram-positive, rod-shaped, and motile
bacterium, associated with a broad range of food-associated
infections, including of milk, vegetables, and meats. Although
B. cereus is responsible for a minority of foodborne illnesses,
the enterotoxin produced by B. cereus causes severe diarrheal
food poisoning in rare cases [1]. Generally, B. cereus is
frequently detected as a spore form, which is highly
resistant to physical and chemical treatments [2]. Therefore,
extremely high pressure [3], high temperatures [4], and
chemical agents [5] have been used to inactivate the spores.
However, these methods have some drawbacks when utilized
in the food industry. For instance, thermal sterilization can
damage the nutritive value, color, and taste of the food.
In serious cases, B. cereus is known to persist in many
foods by developing a biofilm [6, 7]. Biofilm is a protective
mode of growth, identified as an assemblage of microbial
cells embedded within an extracellular matrix called the
extracellular polymeric substance [8]. Thus, biofilms are

more resistant to antimicrobial agents than planktonic cells
owing to their structural complexity [9]. For this reason, the
incidence of pathogenic biofilm formation in food leads to
serious hygienic problems and economic losses because of
its long-term survivability [10]. Recently, nonthermal ways
to destroy biofilms without damaging the products, such
as chemico-physical treatments (e.g., gamma radiation and
supercritical carbon dioxide), have been introduced [11,
12]. Nevertheless, these methods also have disadvantages
that limit their effectiveness in the inactivation of biofilms.
Microwave sterilization has been applied for bacterial
inactivation in the food industry over the last few decades
[13]. The principle of microwave sterilization is to generate
heat in the cells by electromagnetic waves—resulting in cell
death. The advantages of microwave treatment are that
it requires less time to achieve the desired process
temperature, reduces thermal degradation of the products,
generates heat more uniformly, and can be controlled
instantly by turning it on and off [14, 15]. To date, several
reports have shown the effective inactivation of spores by
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microwave irradiation [16-18]. However, these studies are
mainly focused on inactivation of bacterial spores in
suspensions, and few reports show the inactivation of
bacterial biofilms by microwave treatment [19].
The aim of this study was to investigate the efficacy of
microwave treatment on the inactivation of Bacillus cereus
biofilms. First, critical parameters, such as temperature (°C),
amount of water (ml) biofilms were immersed in (hereafter,
water), and treatment time (min) at a fixed microwave power,
were optimized by using a response surface methodology.
Log reductions of CFU of spores in suspensions, dried
biofilms, and water-added biofilms were then compared
under the optimal conditions. Additionally, the inactivation
efficacy of two different sterilization methods, microwave
treatment and steam autoclave, were compared. Finally,
spore inactivation by microwaves was visualized using
confocal laser scanning microscopy.

under various temperatures (70°C to 110°C) and time periods (5 to
25 min). All experiments were performed in triplicates.

Materials and Methods

Confocal Laser Scanning Microscopy
To observe the membrane integrity of viable and/or dead
spores, confocal laser scanning microscopy (CLSM; LSM 5 Exciter;
Zeiss, Germany) analysis was conducted using two fluorescent
dyes. SYTO 9 (Invitrogen, USA) is a membrane-permeable green
fluorescent dye that stains the DNA of all cells regardless of cell
viability, whereas propidium iodide (PI; Invitrogen) is a membraneimpermeable red dye, which stains DNA of only dead cells [20].
Staining solutions of each dye were prepared at a dilution ratio of
3:1,000 with sterilized water. Coupons were transferred into
0.2 ml of staining solution and incubated at 25°C for 30 min in a
dark room. The specimens from coupons were rinsed with
sterilized water to remove excess staining. The microscope images
were then taken with a 40× lens. The specimens were observed
under the following conditions: for the green channel (SYTO 9),
an excitation wavelength at 488 nm using an argon laser and an
emission filter with a path length of 505–530 nm; for the red
channel (PI), an excitation wavelength at 543 nm using a HeNelaser and an emission filter with a path length of 560 nm.

Bacterial Strain and Cell Suspension Preparation
Bacillus cereus KCTC 1012 was obtained from the Korean
Collection for Type Cultures (KCTC; Korea). Brain heart infusion
agar (BHIA; Difco, USA) was used for the selective medium, and
tryptic soy broth or agar (TSB or TSA; Bacto, USA) was used for
the main culture medium. For cell suspension preparation, a
single colony of B. cereus on BHIA was transferred into 10 ml of
TSB and incubated at 30°C in a rotary shaker at 200 rpm. After
24 h, 4 ml of the culture was transferred into 200 ml of fresh TSB
and incubated at 30°C for 8 h. Then, cells were collected by
centrifugation at 2,300 ×g for 10 min. The cell pellets were washed
twice with 200 ml of phosphate-buffered saline (PBS; Sigma, USA)
and suspended in 200 ml of PBS.
Biofilm Development on Polypropylene Coupons
Sterile coupons (2 cm × 5 cm, polypropylene) were immersed in
30 ml of cell suspensions and incubated at 22°C. After 4 h, the cellattached coupons were rinsed with sterile water, transferred into
a 50 ml conical tube containing 30 ml of fresh TSB medium, and
incubated at 22°C for 48 h. Each coupon was transferred to a
1.5 ml tube containing 0.8 ml of sterile water and incubated for
72 h at 22°C to induce sporulation in the biofilms. Sporulation was
then confirmed by microscopic analysis. The initial spore
densities of the biofilms were 1 × 104 CFU/coupon.
Microwave Treatment
A microwave oven (Milestone, USA) with a 150 W output power
and an operating radio frequency heating at 2.45 GHz was used in
this study. For the microwave treatment, the coupons were loaded
into treatment vessels (cap. 100 ml) containing various amounts of
water (0 to 20 ml). Microwave treatments were then performed
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Determination of Viable Spores in Biofilms
To quantify spores in biofilms, 3 g of glass beads (425 to 600 μm;
Sigma-Aldrich, USA) was put into a tube containing the coupon
and 30 ml of PBS. The mixture was then vortexed for 1 min to
detach spores from the biofilms on the surface of the coupon. A
spore suspension of 4 ml from the mixture was transferred into a
10 ml sterilized tube and heated at 80°C for 10 min using a water
bath to kill the vegetative cells. After the spore suspensions were
serially diluted 10 fold each with water containing 0.1% (v/v)
peptone, 100 μl of each diluted solution was spread onto TSA
plates. The plates were then incubated at 30°C for 24 h. The
number of spores on the plates was determined by viable colony
counting. The effectiveness of the microwave treatment, the log
reduction of CFU of spores, was expressed as log10 N/N0, where N
is the CFU of viable spores after treatment and N0 is the CFU of
the initial spores.

Response Surface Methodology Design
To optimize the parameters influencing the inactivation efficacy
of spores in biofilms, an experimental set was designed using the
Box-Behnken method [21]. The log10 reduction in CFU of spores in
biofilms was a response influenced by three independent variables:
temperature (°C), water (ml), and treatment time (min). The coded
levels of these variables are shown in Table 1. To predict the
optimal conditions of microwave treatment to achieve the maximal
log10 reduction of the CFU of spores in biofilms, the response
surface regression and significance test were conducted based on
the results of 15 runs, using SAS software (ver. 9.0; SAS, USA).
The second-order polynomial model equation (Eq. (1)) used for
the response surface analysis and for statistical significance of the
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Table 1. Coded levels of independent variables for the
inactivation of B. cereus by microwave treatment.

Table 3. Analysis of variance of the predicted model for
inactivation of B. cereus biofilms.

Level

Independent variable

1211

Regression

Degree of
freedom

Sum of
squares

F-Value

p-Value

-1

0

1

Temperature (X1)

70

90

110

Linear

3

35.83

176.92

<0.0001

Water (X2)

0

10

20

Quadratic

3

5.64

27.84

<0.0001

25

Cross-product

3

3.90

19.28

<0.0001

Total model

9

45.37

74.68

<0.0001

Time (X3)

5

15

2

R = 0.95.

experimental data was as follows.
Y = β11 X12 + β22 X22 + β33 X32 + β12 X1X2 + β13 X1X3 + β23 X2X3 + β1 X1 +
β2 X2 + β3 X3 + β0
(1)
where Y is the fitted log10 reduction; X1 is the temperature; X2 is
water; X3 is the treatment time; β0 is a constant; β1, β2, and β3 are
linear coefficients; β12, β13, and β23 are cross-product coefficients;
and β11, β22, and β33 are quadratic coefficients.

Results and Discussion
Model Validation
A total of 15 runs of the microwave treatment was
experimentally performed according to the Box-Behnken
design. Overall, the observed responses closely matched
the predicted responses (Table 2) generated by the secondorder polynomial model equations (Eq. (2)). Notably, the
complete inactivation of the spores in biofilms was achieved

Table 2. Box-Behnken design and experimental results for the
inactivation of B. cereus biofilms by microwave treatment.
Y

Run

X1

X2

X3

Observed

Predicted

1

−1

−1

0

0.07

0.42

2

−1

1

0

1.14

1.08

3

1

−1

0

0.99

1.05

4

1

1

0

4.20

3.85

5

−1

0

−1

0.76

0.56

6

−1

0

1

1.32

1.22

7

1

0

−1

2.52

2.61

8

1

0

1

2.38

2.57

9

0

−1

−1

0.07

-0.09

10

0

−1

1

0.30

0.04

11

0

1

−1

1.20

1.46

12

0

1

1

1.80

1.95

13

0

0

0

1.01

1.39

14

0

0

0

1.72

1.39

15

0

0

0

1.46

1.39

under the treatment conditions with 20 ml of water at
110°C for 15 min.
Y = 0.001382 X12 − 0.003496 X22 − 0.002046 X32 + 0.002675
X1X2 − 0.000875 X1X3 + 0.000925 X2X3 − 0.219938X1 −
0.098333 X2 + 0.146500 X3 + 8.225208
(2)
Regression coefficients of the intercept, linear, quadratic,
and cross-products were determined by the least square
regression model. The analysis of variance for the model
regression fitness based on each of the variables and the
variable interactions is shown in Table 3. The p-values of all
regression parameters were less than 0.0009 and the
regression coefficient (R2) of the model was 0.95. Thus, the
inactivation model for B. cereus biofilms by microwave
treatment was proven to be a statistically reliable one.
Nevertheless, since the stationary point obtained by
canonical analysis was a saddle point, a ridge analysis was
further conducted to obtain an optimal point. Consequently,
the predicted optimal inactivation conditions were 14 ml of
water, at 108°C, and for 15 min, for a predicted 3.1 log10
reduction in CFU of spores. Although the theoretical
optimal conditions were determined to be as the above,
complete inactivation conditions (20 ml of water, 110°C,
and 15 min) were determined as experimental conditions
for further studies.
Analysis of Response Surface Plots
Based on the fitted model, three-dimensional surface
graphs were constructed with regard to the interactions of
two independent variables (Fig. 1). When water was fixed
at 20 ml, the log10 reduction in CFU of spores increased in
response to the increased temperature, but the increase of
treatment time did not significantly affect the log10 reduction
(Fig. 1A). Meanwhile, as the volume of water increased
with a fixed temperature of 110°C or a treatment time of
25 min, the log10 reduction in CFU of spores increased
markedly up to 3.7 (Figs. 1B and 1C). Interestingly, the
inactivation of biofilms was much more significant when the
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volume of water was increased than when the temperature
or treatment time was increased. Thus, the amount of
water was regarded as the most important factor in the
microwave treatment within the tested ranges of the
experiments.
To test whether water is the decisive factor in microwave
treatment, the viabilities of B. cereus spores in suspensions,
dried biofilms, and water-added biofilms were investigated
under the same microwave treatment conditions of 110°C
and for 25 min. Results revealed the spores in suspensions
and in water-added biofilms were completely inactivated
within 5 min, whereas the spores in dried biofilms were
barely inactivated even after 25 min (approximately 1.0 log10
reduction) (Fig. 2). Thus, these results show that water is
the most critical factor in a microwave treatment to achieve
a desired thermal effect-inducing complete inactivation of
bacterial spores. Accordingly, an earlier study [22] showed
that microbial populations in soil samples with an increased
moisture content were significantly decreased by microwave
treatment.
The mechanism of the sporicidal effect by microwave is
still a debatable issue: whether it has a thermal or nonthermal effect [17, 23]. The thermal effect is a physical
consequence of the collision and friction between electric
dipole molecules (e.g., water) and cells by an electromagnetic
field [24]. Therefore, the magnitude of heating seems to
depend on the dielectric constant and electronic conductivity

Fig. 1. Response surface plots for inactivation of B. cereus
biofilms.
Effects of temperature and treatment time (A), effects of water and
treatment time (B), and effects of temperature and water (C).
Microwave treatments were performed in the presence of various
amounts of water (0-20 ml) by varying the temperature (70-110°C)
and treatment duration (5-25 min).
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Fig. 2. Log10 viable spores of CFU of B. cereus in suspensions,
dried biofilms, and water-added biofilms after microwave
treatment at 110°C for 25 min.
For the preparation of dried biofilms, polypropylene coupons were
dried using a vacuum-drying oven at room temperature for 4 h. The
CFUs of spores in biofilms did not differ before and after vacuum
drying.
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of molecules where the cells exist. In this regard, a
sufficient amount of water might be required to obtain a
visible inactivation effect by microwave (Figs. 1B, 1C, and 2).
On the other hand, a non-thermal effect does not depend
on dielectric molecules, but rather solely on electromagnetic
energy itself. When no water is present, the log10 reduction
of spores barely increased despite the increased temperature
from 90°C to 110°C (Figs. 1C and 2). Therefore, the enhanced
biofilm inactivation observed in the presence of a higher
volume of water can be explained by the thermal effect
rather than the non-thermal effect. Meanwhile, the dielectric
characteristics of the water were reported to vary depending
on the microwave power, structure, and density of the
materials [25].
Comparison of Inactivation Performances by Microwave
Treatment and Steam Autoclave
To test whether the microwave treatment, in comparison
with the steam autoclave, produces a significant increase in
inactivation efficacy and decreased operation time, coupons
containing biofilms were treated at 110°C to 121°C for
25 min. Results indicated that the microwave treatment
induced a complete inactivation of the biofilms in only
5 min (4.2 log10 reduction of CFU), whereas the steam
autoclave only slightly inactivated the biofilms (less than
1.0 log10 reduction of CFU) even after 25 min (Fig. 3). Thus,
these results clearly demonstrate that biofilm inactivation
by the microwave was much more effective than by the
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steam autoclave at a lower temperature and in a shorter time.
Previously, Kim et al. [17] showed that a 10 min exposure
in a 500-2,000 W microwave at 100°C was equivalent to
150 min of boiling to achieve complete Bacillus licheniformis
spore inactivation. In a bacterial population dwelling in
sewage sludge, microwave treatment at 57°C to 68°C resulted
in a greater decrease in bacterial enzymatic activities in
comparison with treatment by conventional heating [26].
Early studies on Staphylococcus aureus also indicated that
cell injuries (measured by enzymatic activity) were more
severe in the microwave-treated cells than in conventionally
heated cells [27].
Confocal Laser Scanning Microscope Analyses
Several reports showed that microwave treatment damages
cell membranes, resulting in the release of DNA and
proteins [15, 28]. Therefore, it was necessary to confirm
whether the loss of viability by microwave treatment was
actually due to the loss of membrane integrity in B. cereus.
The membrane integrity of spores was analyzed using
CLSM with fluorescent dyes, SYTO 9 and PI (which have
high affinity for DNA). The spores stained by the green
fluorescent SYTO 9 should be viable or dead spores, whereas
spores stained by the red fluorescent PI should only be
dead spores [20] due to the cells bursting. As shown in
Figs. 4A and 4B, only green fluorescence was detected in

Fig. 3. Comparison of inactivation performance by microwave
treatment and steam autoclave.
Microwave treatments were performed in the presence of 10 ml of
water at 110°C for 15 min, whereas steam autoclave was performed in
the presence of 10 ml at 100°C and 110°C for 15 min.

Fig. 4. CLSM images (×40) of B. cereus spores in biofilms.
Spores (not sterilized) stained with SYTO 9 (A) and propidium iodide
(PI) (B). Spores (sterilized) stained with SYTO 9 (C) and PI (D).
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viable spores because PI could not penetrate the membrane.
However, after microwave treatment at 110°C for 15 min,
both red and green fluorescence were detected in the
spores (Figs. 4C and 4D), indicating that the membrane
was disrupted by the microwave treatment followed by PI
penetration into the membrane. Previously, Kim et al. [17]
reported that the concentration of DNA released from the
microwave-treated Bacillus licheniformis was 22-fold higher
than that from boiled cells, due to the cell membrane
disruption.
In conclusion, critical factors in microwave sterilization
for the inactivation of B. cereus biofilms were optimized
using the response surface methodology. Statistically, the
optimal conditions were determined to be 14 ml of water,
108°C of temperature, and 15 min of treatment time—
resulting in the maximal inactivation of a 3.1 log10 reduction
in CFU of the initial spore density (4.0 log10 CFU). Under
the optimal conditions, biofilms were completely inactivated
within 5 min. However, these inactivation effects by
microwave were not observed in the absence of water,
implying that water should be present to boost the
effectiveness of the microwave treatment. Meanwhile, the
loss of membrane integrity by microwave treatment was
found to be the fundamental reason for the inactivation of
B. cereus biofilms.
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