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Abstract: We investigated the effect of chlorine dioxide (ClO2) under low temperature drying to
suppress rice cake stickiness during the cutting process by initiating the onset of retrogradation
until the stickiness is minimized for shelf-life extension. The intermittent ClO2 application
at low-temperature drying was conducted at 10 ◦C for different drying periods (0, 6, 12, 18,
and 24 h). Texture analysis showed significant differences with increasing values of hardness
(901.39 ± 53.87 to 12,653 ± 1689.35 g) and reduced values of modified adhesiveness (3614.37 ±578.23
to 534.81 ± 89.37 g). The evaluation of rice cake stickiness during the cutting process revealed an
optimum drying period of 18 h with no significant difference (p ≤ 0.05) compared to the 24 h drying
process. Microbial contamination during the drying process increased, with microbial load from
6.39 ± 0.37 to 7.94 ± 0.29 CFU/g. Intermittent ClO2 application at 22 ppm successfully reduced the
microbial load by 63% during drying process. The inhibitory property of ClO2 was further analyzed
on a sample with high initial microbial load (3.01± 0.14 CFU/g) using primary and modified secondary
growth models fitted to all experimental storage temperatures (5–25 ◦C) with R2 values > 0.99. The
model demonstrated a strong inhibition by ClO2 with microbial growth not exceeding the accepted
population threshold (106 CFU/g) for toxin production. The shelf-life of rice cake was increased by
86 h and 432 h at room temperature (25 ◦C) and 5 ◦C respectively. Microbial inactivation via ClO2

treatment is a novel method for improved food storage without additional thermal sterilization or the
use of an additional processing unit.

Keywords: intermittent ClO2 drying; cutting analysis; image processing; microbial growth model

1. Introduction

Rice products are staple foods, especially in Asia with more than 50% of the population depending
on rice as the primary source of dietary calories [1]. Utilizing starch gelatinization, rice products
have many unique attributes, such as ease of digestion, bland taste, and hypoallergenic properties [2].
Many popular oriental foods, such as rice pasta, rice noodles, rice starch, and rice cakes are rapidly
growing home meal replacements (HMR) in the market space due to their ease of access and short
re-cooking periods [3]. In addition to gelatinization, starch retrogradation is another important
physicochemical phenomenon involved in cooked rice or rice-cake products. Retrogradation is caused
by the recrystallization of amylose and amylopectin in starch-based foods. In the presence of water,
amylose and amylopectin are swollen and gelatinized. When cooled over time, the gelatinized
amylose and amylopectin are reorganized into a more ordered structure by hydrogen bonding [4,5].
Retrogradation of starch in rice cakes greatly affects the processing conditions, such as molding and
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cutting, as well as the quality of products, such as the taste, texture and overall acceptance. This
is because retrogradation increases the hardness of rice cake while decreasing its stickiness. Starch
gelation and retrogradation are fully utilized in rice cake manufacturing to increase the production rate,
especially during the molding and cutting process. The molding process requires suitable deformability
of gelatinized rice cakes to form certain shapes using the molder or the extrusion die. However, the
sticky characteristics of gelatinized rice cake may result in a difficulty in cutting to sizes suitable
for the consumers, thereby creating a barrier during continuous large scale production. Therefore,
since stickiness and deformability decreases with the retrogradation of rice starch, the process of
retrogradation prior to the cutting process becomes necessary, especially during continuous rice cake
processing. Retrogradation of rice cakes usually occurs during storage or drying at temperatures
lower than 60 ◦C [4–6]. Practically, the steamed rice cakes are stored at 10 ◦C for 24 to 48 h to initiate
the retrogradation before the cutting process [7]. During such low-temperature drying, rice cakes
are associated with chemical, biological, and physical changes, which typically result in moisture
reduction, increased microbial level from the second contamination, and hardening of the texture due
to retrogradation.

The texture of rice products is highly dependent on the storage time and the temperature due
to retrogradation [8–13]. The hardness of cooked rice is positively correlated with the degree of
retrogradation and amylose content in rice during storage [8]. During rice cake processing, molding
requires a soft and elastic texture following the gelatinization of rice starch. However, the cutting
process requires a firm texture following retrogradation. Nonetheless, the relationship between starch
retrogradation and the texture of cooked rice cake during drying is still not clearly established.

Generally, rice cakes have a short shelf-life of fewer than 1 day at room temperature due to the high
moisture and nutritional content, and as a result, it is mostly refrigerated in sales outlets at temperatures
below 10 ◦C to extend the shelf-life [14]. Additionally, the microbial level is dramatically increased
during the low-temperature drying when the inlet air is not properly managed. The microbial level is
increased by about 102 CFU/g due to secondary contamination during the low-temperature drying [14].
Therefore, several technologies have been adopted to prolong the shelf-life of rice cakes [15–17]. The
microbial level was reduced via non-thermal treatments using antimicrobial agents (i.e., alcohol,
acidulants, and electrolytic water with ultrasonic) or thermal treatments [18–22]. However, such
treatments reduced food quality, shape and appearance, which diminished the market value. In
addition, the high-temperature sterilization may require additional equipment such as a retort or
specially designed sterilizer, which may not be readily available for the manufacture.

Bacillus cereus is a major spore-forming pathogen associated with rice-based products and causes
food poisoning in humans by producing enterotoxins and emetic toxin [14]. Although an accurate
number of food poisons caused by B. cereus in different countries is not known due to the lack of accurate
reports, however, as much as 192 outbreaks involving more than 1000 cases were reported in the United
Kingdom between 1971 and 1984 [23]. Furthermore, in the Republic of Korea, the consumption of rice
cake was linked to about 27 outbreaks of B. cereus between 2001 and 2008 [18]. Therefore, controlling
the growth of B. cereus in rice-based products is necessary to improve public health.

Chlorine dioxide (ClO2) is a powerful oxidizing agent that is 2.5-fold more effective than
hypochlorite as an antimicrobial agent. It is effective for microbial inactivation of food at a pH range of
3.0–8.0 [22]. ClO2 was used effectively for complete inactivation of Escherichia coli O157:H7 on radish
seeds [24]. The high degree of acceptability of ClO2 is attributed to its high sterilization efficiency
both in liquid and gaseous states. Its application in water treatment has been reported safe for human
consumption at concentrations of 50–200 ppm [25]. However, aqueous ClO2 contains residual moisture
in food and surfaces in contact with food, which may promote the growth of molds after treatment
with aqueous ClO2. In contrast, the gaseous form may result in smaller amounts of ClO2 residues on
food surfaces and is more effective in killing hazardous microorganisms in food that are protected by
hydrophilic components in food surfaces [25,26]. This unique processing technique can be used to
control the contamination level during low-temperature drying of rice cake because the secondary
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microbial contamination is on the surface. However, the role of ClO2 as an antimicrobial agent for rice
cake has yet to be reported.

The intermittent application of ClO2 may be a solution to the usual challenges faced during drying
using ClO2 gas as an antimicrobial agent. The concentration of ClO2 above 10 ppm usually provides
the desired antimicrobial effect. However, the quality of food products, such as color, is affected by
long-term exposure to such high concentrations of ClO2 [27]. Intermittent exposure may be a readily
available solution. In most food treatment processes, in which long-term application results in depletion
of food quality, such as in hot-air drying process, intermittent application is employed to reduce the
undesirable effects such as those reported during the hot-air drying of soybean [28]. Furthermore,
low-temperature drying has been used to reduce moisture in food with delicate nutritional compounds
to preserve its qualities [29,30]. A combination of intermittent ClO2 treatment and low-temperature
drying will be a novel process to control the microbial level of rice cakes, preserve the nutritional
quality and appearance as well as to extend the shelf-life of rice cakes.

Thus the objectives of this study were: (1) to extend the storage of rice cake via intermittent
application of ClO2 and low-temperature drying, (2) to investigate ClO2 inhibition of Bacillus cereus
contamination of treated dried rice cake, and (3) to evaluate the effect of low-temperature drying on
rice cake texture appropriate for cutting process.

2. Materials and Methods

2.1. Experimental Setup

The schematic diagram representing the intermittent drying process of rice cake using ClO2 under
low temperature is shown in Figure 1. The drying system consists of a drying chamber measuring
155,000,000 mm3 in volume (Clean air oven LBO-3050H, DAIHAN LABTECH CO., LTD., Namyangju-si,
Gyeonggi-do, Republic of Korea) with a temperature regulatory fan set to adjust the drying temperature
to 10 ◦C and relative humidity (RH) of 58%. Gaseous ClO2 was generated from ClO2 wax (Sun clean
bactericide, Mirai CO., LTD., Tokyo, Japan) with the aid of a gas generator (Mini Breeze, Kimurasteel
Industry Co., LTD, Tokyo, Japan). Twelve pieces of cylindrical shape of cooked rice cake (length 40 mm
× diameter 15 mm) weighing approximately 130 g were arranged 20 mm apart from each piece on a
perforated tray (200 mm length × height 100 mm) to ensure even circulation of gaseous ClO2 around
the rice cake samples. A portable chlorine dioxide gas detector (Yantai Stark Instrument Co., Ltd.,
Shandong, China) was placed adjacent to the perforated drying stand, and the concentration (ppm) of
ClO2 gas in the chamber was measured simultaneously with drying.

Processes 2020, 8, x FOR PEER REVIEW 3 of 18 

 

because the secondary microbial contamination is on the surface. However, the role of ClO2 as an 
antimicrobial agent for rice cake has yet to be reported. 

The intermittent application of ClO2 may be a solution to the usual challenges faced during 
drying using ClO2 gas as an antimicrobial agent. The concentration of ClO2 above 10 ppm usually 
provides the desired antimicrobial effect. However, the quality of food products, such as color, is 
affected by long-term exposure to such high concentrations of ClO2 [27]. Intermittent exposure may 
be a readily available solution. In most food treatment processes, in which long-term application 
results in depletion of food quality, such as in hot-air drying process, intermittent application is 
employed to reduce the undesirable effects such as those reported during the hot-air drying of 
soybean [28]. Furthermore, low-temperature drying has been used to reduce moisture in food with 
delicate nutritional compounds to preserve its qualities [29,30]. A combination of intermittent ClO2 
treatment and low-temperature drying will be a novel process to control the microbial level of rice 
cakes, preserve the nutritional quality and appearance as well as to extend the shelf-life of rice cakes.  

Thus the objectives of this study were: (1) to extend the storage of rice cake via intermittent 
application of ClO2 and low-temperature drying, (2) to investigate ClO2 inhibition of Bacillus cereus 
contamination of treated dried rice cake, and (3) to evaluate the effect of low-temperature drying on 
rice cake texture appropriate for cutting process. 

2. Materials and Methods  

2.1. Experimental Setup 

The schematic diagram representing the intermittent drying process of rice cake using ClO2 
under low temperature is shown in Figure 1. The drying system consists of a drying chamber 
measuring 155,000,000 mm3 in volume (Clean air oven LBO-3050H, DAIHAN LABTECH CO., LTD., 
Namyangju-si, Gyeonggi-do, Republic of Korea) with a temperature regulatory fan set to adjust the 
drying temperature to 10 °C and relative humidity (RH) of 58%. Gaseous ClO2 was generated from 
ClO2 wax (Sun clean bactericide, Mirai CO., LTD., Tokyo, Japan) with the aid of a gas generator (Mini 
Breeze, Kimurasteel Industry Co., LTD, Tokyo, Japan). Twelve pieces of cylindrical shape of cooked 
rice cake (length 40 mm × diameter 15 mm) weighing approximately 130 g were arranged 20 mm 
apart from each piece on a perforated tray (200 mm length × height 100 mm) to ensure even circulation 
of gaseous ClO2 around the rice cake samples. A portable chlorine dioxide gas detector (Yantai Stark 
Instrument Co., Ltd., Shandong, China) was placed adjacent to the perforated drying stand, and the 
concentration (ppm) of ClO2 gas in the chamber was measured simultaneously with drying.  

 
Figure 1. A schematic diagram of batch process showing low-temperature drying of rice cake. 1. Low-
temperature inlet (10 °C), 2. ClO2 generator, 3. Pre-cooked rice cake, 4. Perforated drying stand, 5. 
Chlorine dioxide gas detector, 6. Enclosed drying chamber. 
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1. Low-temperature inlet (10 ◦C), 2. ClO2 generator, 3. Pre-cooked rice cake, 4. Perforated drying stand,
5. Chlorine dioxide gas detector, 6. Enclosed drying chamber.
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2.2. Rice Cake Preparation

Rice flour (Oryza sativa) was purchased from Nongshim CO., LTD. (Seoul, Republic of Korea).
Other ingredients such as salt and oil were purchased from a local market (Chuncheon, Republic of
Korea). Rice flour (750 g) with a moisture content of 16.38%, 7.5 g of oil, 1.5 g of salt, and 360 mL
of distilled water were used to prepare the rice cake. Briefly, the rice flour and salt were first mixed
for 1 min followed by the addition of oil and distilled water with subsequent mixing for 15 min in a
dough mixer (Model SZM-20, Xuzhong Machinery CO., LTD.,Guangzhou, China). The batter was
then placed in an electric steaming machine (Model KRRSB10W, Koresta, Jingwa, Seoul, Republic of
Korea) for gelatinization at 80 ◦C for 40 min. Finally, the rice dough was cooled at room temperature
for 10 min and then extruded using a lab-scale extrusion machine (Shandong Luerya Machinery Co.,
LTD., Shandong, China) to form a cylindrical rice cake measuring 15 mm in diameter.

2.3. Drying of Rice Cakes under Intermittent ClO2

A batch of steamed rice cakes (12 pieces, 130 g) were dried at each experimental run (at 10 ◦C
and RH 58%). The low-temperature drying was conducted for a period of 6, 12, 18, and 24 h. Prior to
drying, the ClO2 gas generator was operated for 465 min, to achieve an average ClO2 concentration of
17 ppm before samples were placed in the drying chamber. The target initial concentration of ClO2

was set at 15 ppm, which was effective in reducing the microbial load in most food [24]. Similarly,
due to the transient nature of the ClO2 gas, samples were placed in the drying chamber within 30 s of
opening, and thus drying was started with an average ClO2 concentration of 15 ppm (as determined
in the preliminary experiment, result not presented) and the process was conducted in a dark room
to prevent photodissociation of the gas [31]. The ClO2 intermittent period was varied at 30, 45,
and 60 min generation time with a resting period of 15 min at intervals to achieve maximum ClO2

concentration range of 22–25 ppm through the drying process. This concentration was chosen based
on the inactivation effect without a significant influence on the sample color as determined from the
preliminary experiment. The ClO2 gas was emitted in the drying chamber with a constant rate and
no gas could escape into the atmosphere since the drying chamber was adequately sealed. Under
these circumstances, the absorption rate of the ClO2 gas by rice cake was measured as a factor of
the differences in the reduction ratio of ClO2 concentration within the drying chamber during the
intermittent resting period.

2.4. Determination of Color Change during Intermittent Drying

The color of ClO2-treated dried rice cake and control sample was measured by a digital color
analyzer (Model CA-310, Konica Minolta, Tokyo, Japan). Prior to each color measurement, the
instrument was calibrated with a standard calibration plate with Y = 82.40, x = 0.3158, y = 0.3322
using the setting of D65 (daylight, 65 light angle) (Model no. 1383315, Konica Minolta, Tokyo,
Japan). The color values were expressed as L (lightness/darkness), a∗ (redness/greenness) and b∗

(yellowness/blueness). The whiteness index (WI) was determined using the method of Feng et al., [32],
and represented in Equation (1). All experiments were performed 10 times.

WI = 100−
[
(100− L)2 + a2 + b2

]0.5
(1)

2.5. Texture Analysis

2.5.1. Texture Determination of Dried Rice Cake by Cutting Test

Texture analysis was performed using a cutter blade on a steamed rice cake (control) and a dried
rice cake following exposure to intermittent ClO2 treatment at a low temperature (10 ◦C) after 6, 12,
18, and 24 h of drying using a texture analyzer (TA-XT Plus, Stable Micro systems Ltd., Surrey, UK).
Samples were immediately removed from the dryer at the end of the drying process followed by
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texture analysis within 15 min at room temperature (25 ± 1 ◦C). Hardness (g) and adhesiveness (g) of
control and dried rice cake were estimated using the cutting test as described by Epstein et al. [33]. The
hardness (g) is defined as the maximum force achieved during the compression phase. The ends of
rice cake sample were affixed using a glue (Loctite, Dusseldorf, Germany) on a polyplastic 3D-printed
sample holder (Figure 2). The cutting test of rice cakes was conducted using a cutter blade with a sharp
edge measuring less than 0.5 mm thickness (Model PMGA-EVO2, NT Incorporated, Osaka, Japan).
The texture analyzer was set to a test speed of 0.5 mm/s and a post-test speed of 5.0 mm/s. The average
thickness of dried rice cake after 24 h drying at low temperature (10 ◦C) was 13.50 ± 0.27 mm. The
sample holder was designed during the cutting test to ensure that the cutting blade penetrates 100%
through the sample. To estimate the degree of retrogradation during drying and its corresponding effect
on rice cake stickiness, the adhesiveness indicated by the negative area on the texture curve during
blade retraction was integrated using the method described by Epstein et al. [33]. The points at which
the force curve crosses the x-axis during compression and retraction were used as the corresponding x
values (start and endpoints, respectively) for each drying period. The average of at least 10 replicates
was considered to determine the respective values of hardness and adhesiveness.
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Figure 2. Texture analysis of intermittent ClO2-low temperature-dried rice cake.

2.5.2. Image Processing

Gelatinized rice cake sticks to the blade during cutting and interferes with its operation due to the
degree of stickiness and is reduced during retrogradation [13]. Therefore, the level of retrogradation in
the dried rice cake sample was analyzed as a measure of rice cake sticking to the blade during the
cutting test as presented in Figure 3. To facilitate accurate detection and processing of the image of rice
cake at the point of cutting (i.e., the point at which the blade penetrates the rice cake), a video of the
cutting process was recorded using a digital camera (DSLR-500D, Canon Inc., Tokyo, Japan) with an
image resolution of 2.1 million pixels at a distance of 180 mm from the sample. The videotape was
processed into image frames and the frame at the point of penetration was selected for analysis using
the method of Park and Yoon [34] with a few modifications. In this study, the image processing tool
in MATLAB (Mathworks® Inc., Natick, MA, USA) was used via the following steps: (1) conversion
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of videotape to frame, (2) image background extraction, (3) binarization, (4) object extraction, and
(5) object area measurement as shown in Figure 3. Threshold-based segmentation (0.3) was used to
separate the solid object from the background. The segmented image was converted to a gray image
and to a binary image subsequently, after which the binary objects were extracted and analyzed for
object area. The pixels from image analysis were converted to area size by comparing the size of the
control sample as shown in the bounding box function (Figure 3a).
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2.6. Sensory Evaluation of Rice Cake

Rice cake samples subjected to ClO2 intermittent drying (0–24 h) were steamed for 10 min and
evaluated for sensory properties. To minimize the effect of age, we selected a 15 member panel
in the age range of 20 to 30 years, and familiar with rice cake properties. Sensory parameters,
including color, flavor, and hardness, were evaluated using a quantitative descriptive test focused
on attribute scoring from 1 (low intensity) to 7 (high intensity). The sensory attributes consisted of
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color (lighter–darker), flavor (poor flavor–pronounced flavor), and hardness (soft-hard). In order to
determine the overall consumer acceptability of rice cakes, a seven-point hedonic scale (1 indicated
extreme dislike, 4 indicated neither like nor dislike, and 7 indicated extreme like) was used. The
samples offered for sensory tests were 40 mm in size. After each evaluation, the panelists rinsed their
mouth with water and waited for at least 5 min before the next test.

2.7. Effect of Intermittent ClO2 Drying at Low Temperature on Microbial Inactivation Of Steamed Rice Cake

To estimate the inactivation of gaseous ClO2 during low-temperature drying and its effect under
refrigerating temperature, the initial microbial load and after ClO2 treatment time (6, 12, 18, and 24 h)
was analyzed. The influence of ClO2 treatment on microbial growth was analyzed at 4 ◦C. The dried
samples were immediately packed in a sterile sample bag after drying and stored for a period of
21 days. The steamed (control) and dried (treated) rice cakes (10 g) were placed in Stomacher bags
containing 100 mL of buffered peptone water and homogenized for 5 min at every experimental point
(Polytron PT 2100 homogenizer, Kinematica, AG Inc., Lucerne, Switzerland). Samples were serially
diluted 10-fold with 9 mL of sterile buffered peptone water. The diluted samples were spread plated on
plate count agar (PCA) (Difco Laboratories Inc., Franklin Lakes, NJ, USA). All plates were incubated at
37 ◦C for 24–48 h under aerobic conditions.

2.8. EpH Analysis of ClO2 Treated Rice Cake

To measure the pH of rice cake samples, 20 g of rice cake was placed in sample bags with 80 mL
distilled water and homogenized with a polytron PT 2100 homogenizer. The pH was measured five
times using a pH meter. The initial pH of untreated rice cake sample was 6.11 ± 0.03 and after 24 h
drying with intermittent ClO2 application, the pH of sample was 5.82 ± 0.02. The two measured pH
served as the environmental pH conditions for the microbial growth model.

2.9. Growth Model of Treated Rice Cake

2.9.1. Preparation of Bacillus cereus Spore Suspension

B. cereus is the major microbial contaminant of rice products [14,18]. Therefore, B. cereus used for
the growth model analysis was isolated by direct plating of homogenized and steamed but not treated
rice cake sample, using the method described by Moore et al. [35]. The strains were incubated at 37 ◦C
for 24 h. Colonies with the typical appearance of B. cereus, i.e., crenated, i.e., about 5 mm in diameter
and with a distinct turquoise-to-peacock blue color surrounded by substantial egg yolk precipitate of
the same color, were isolated and scooped using a sterile loop [35]. The spore was cleaned and washed
with 1 mL of distilled water into a test tube containing 9 mL distilled water for serial dilution. Dilution
was carried out until an estimated bacterial concentration of about 3 log CFU/mL was achieved.

2.9.2. Inoculation of B. cereus Spores on Sterile Rice Cake

The rice cake sample was sterilized using the method described by Jung et al., [20] with slight
modification, and microbial analysis was used to confirm the sterility of the sample. After sterilization,
rice cake samples were further dried using intermittent gaseous ClO2 application for 24 h. A subsequent
microbial analysis was conducted to ensure that contamination during the drying process did not occur.
Rice samples were inoculated under a laminar airflow, on a clean bench with 0.1 mL of approximately
3 log CFU/mL of B. cereus strains, on about 5–10 spots on the sterile rice cake sample. Inoculated
samples were allowed to dry for 10 min on a clean bench before packing in a sterile sample bag and
stored at varying temperatures (5, 10, 15, 20 and 25 ◦C).

2.9.3. Primary Model

The growth of B. cereus was studied as a function of the storage temperature (5, 10, 15, 20 and
25 ◦C) and pH of the rice cake sample after treatment with ClO2 for 24 h. Baranyi model proposed
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by Baranyi and Robert [36] was used to fit the isothermal growth curves (Equation (2)). The primary
models were fits to the experimental growth data using MATLAB curve fitting tools (Mathworks® Inc.,
Natick, MA, USA).

γt = γ0 + µmaxF(t) + ln
(
1 +

eµmaxF(t)
− 1

eγmax−γ0

)
(2)

where
F(t) = t +

1
v

ln
(
e−vt + e−h0 − e(−vt−h0)

)
(3)

γt represent the cell concentration expressed as ln CFU/g at time t; γ0 denotes the initial cell
concentration in ln CFU/g; γmax indicates the maximum cell concentration in ln CFU/g; µmax refers to
the maximum specific growth rate in ln CFU/h; v indicates the rate of increase in the limiting substrate,
assumed to be equal to µmax h0 is equal to µmaxλ; and λ is the duration of the lag time phase in hours.
The parameter h0 is constant when the pre-inoculation history of the bacterial cells is identical [36].
Therefore, initially, four parameters of the Baranyi model were estimated: γ0, γmax, µmax and h0. The
average h0 value, h0 was then calculated and the other three parameters were estimated again with the
h0 term in Equations (2) and (3) fixed at h0.

To characterize the effect of the temperature on the growth parameter estimated by Equation (2),
the average estimated µmax and λ values for the model were plotted with respect to storage temperature
using the modified Ratkowsky secondary model [37]. The model was fitted to the average µmax

(Equation (4));
µmax = a(T − Tmin)

2{1− exp[b(T − Tmax)]
}

(4)

where T represents the storage temperature in ◦C, Tmin minimum growth temperature for B. cereus
as measured from the experiment (4 ◦C) and Tmax is the maximum growth temperature for B. cereus
growth as measured from the experiment (47 ◦C), a and b are regression coefficients.

2.9.4. Validation of the Growth Model

The goodness of fit of the secondary model was used to validate the predicted result. The
performance at each temperature level was assessed using the root mean square error (RMSE), sum of
squared errors of prediction (SSE), and coefficient of determination (R2). The statistics are represented
by Equations (5) and (6).

RMSE =

√√
1
n

n∑
i=1

e2
i (5)

SSE =
n∑

i=1

e2
i (6)

where n represents sample size, and ei denotes model prediction error at the ith term calculated as
the predicted value minus the observed value. Furthermore, by following the method described by
Juneja et al. [38] the prediction error (PE) for each observation with log10 CFU/g units carrying a value
of 0 was considered a perfect prediction. Prediction error values ranging between −1.0 and 0.5 were
considered “acceptable”.

2.9.5. Statistical Analysis

All microbial experiments were repeated three times, and dilutions were plated in duplicate. We
further carried out one-factor ANOVA analysis with SPSS v19.0 (IBM Corp., Armonk, NY, USA), and
the average differences were evaluated by the Tukey test using a 95% confidence interval. Image
analysis and texture properties are presented as mean values of at least 10 measured replicates. Trends
were considered significant when the means of compared sets differed at p < 0.05 (Student’s t-test).
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3. Results and Discussion

3.1. Determination of ClO2 Intermittent Drying Period

The result of the intermittent generation period and the rest period is presented in Figure 4.
Achievable ClO2 concentration increased with a generation time, with intermittent period of 30 min
and 45 min generation time having a maximum concentration of 12.01 ± 1.28 and 22.91 ± 1.89 ppm at
the end of 24 h drying period, which does not provide sufficient inactivation time for sample treatments
during the drying process (6, 12 and 18 h) (as determined from preliminary, result not shown). On the
other hand, 60 min generation period achieved a ClO2 concentration of 23.89 ± 1.74 ppm at 552 min,
offering samples sufficient inactivation period at all drying levels. Therefore, an intermittent drying
period of 60 min and 15 min rest period was selected as the optimum intermittent time and used for
all experiments.
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3.2. ClO2 Absorption Rate by Steamed Rice Cake Sample

The drying chamber was operated under continuous ClO2 emission into the chamber until
approximately 17 ppm concentration was obtained before samples were placed in the chamber.
Changes in ClO2 gas concentration (ppm) in the drying chamber during the intermittent treatment are
presented in Figure 5A. At the onset of drying, the ClO2 gas released in the drying chamber increased
from about 15.14 ± 1.67 ppm with increasing duration of operation of the gas generator. During
the intermittent resting period (i.e., 15 min every 1 h of generator operation), the concentration of
the gas showed a decrease, which indicated the absorption of ClO2 by the rice cake samples during
drying as no gas escaped outside the drying chamber. The concentration of ClO2 attained a steady
state after 490 min. Even under the resting period, the concentration showed no significant changes
with time (Figure 5B), which might be attributed to the interruption of gas diffusion into the sample
due to surface hardening associated with drying and retrogradation of rice cake [39,40]. This result
implies that a drying period of 24 h might be appropriate for intermittent ClO2 treatment at the initial
concentration (15.14 ppm) of ClO2 to initiate the onset of retrogradation.
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3.3. Moisture Loss in Sample during Drying

The initial moisture content of rice cake 52.18± 2.17% and the moisture loss during low-temperature
drying process are presented in Figure 6. Moisture loss is a general observation during drying, both at
low and high temperatures. It has been reported to be helpful in extending the shelf-life of rice cake
products. However, due to secondary contamination during drying, the shelf-life can be shortened,
especially during low-temperature drying [17]. The moisture loss in rice cake showed a gradual
decrease during low-temperature drying with a total moisture loss of 34.26 ± 1.23% (dry base) at
the end of 24 h drying period. The drying rate is gradually decreased as the drying time increased.
The declined rate during drying might be due to the effect of hardening of rice cake associated with
retrogradation and a lower quantity of moisture presented in the sample as it is being dried. A similar
observation was reported during the low-temperature storage of rice cake [40]. Since moisture is an
import aspect of rice cake texture, this result shows the possibilities of reducing rice cake stickiness,
which is mainly attributed to the moisture and the extent of gelatinization of the rice cake sample [4].
After 24 h of drying, the moisture content was reduced to 34.30 ± 1.83% as shown in Figure 6. The
moisture content of dried rice cake or drying time is correlated to the rice cake stickiness during cutting
and the degree of restoration during cooking [40].
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3.4. Texture Analysis of Dried Rice Cake

The force required to cut the dried rice cake sample is affected by the drying period as shown in
Figure 7. The data show that with increased drying period, the hardness (i.e., the peak of the positive
area) of the rice cake sample dried at 10 ◦C increased significantly (p ≤ 0.05) for all drying periods from
901.39 ± 53.87 to 7285.52 ± 638.35 (g). Increasing hardness during low-temperature drying has also
been reported and attributed to retrogradation, which is accelerated at low temperatures [8,12,17].
Adhesiveness, which may be interpreted as the stickiness of the rice cake sample to the blade during
the withdrawal of the cutting blade from the sample, is represented as the negative force area indicating
a decreasing value with increasing drying time (3614.37 ± 518.23, 3119.62 ± 482.17, 2765.21 ± 451.36,
618.23 ±98.54, and 534.81 ± 89.37 g respectively). The effect of adhesiveness is also apparent from the
texture curve: samples with less adhesive response (18 and 24 h dried rice cake) were cut faster (at
about 26 s cutting process time) compared with those exhibiting a larger adhesive effect. Similarly,
the adhesiveness was insignificantly different for 0, 6 and 12 h drying period as against what was
observed for the hardness value, which may suggest that the degree of retrogradation depends on the
drying time. This finding suggests that even though the surface hardness due to drying increased
with drying period, the effect of sample sticking to the cutting blade occurred after 12 h of drying
rice cake. Therefore, the sticky effect can be further reduced over a longer drying period (>12 h) at
low temperatures. From a textural perspective as shown in this study, the challenges associated with
sample stickiness can be reduced by drying rice cake at low temperature (10 ◦C) for 18 h without
adversely affecting the texture of the rice cake. However, the microbial analysis should be combined
with the results of texture analysis.
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3.5. Analysis of Rice Cake Retrogradation Rate Via Image Processing

Changes in retrogradation properties of rice cake during low-temperature drying were studied as a
function of rice cake stickiness by measuring the area of the rice cake compressed during cutting since the
gelatinized rice cake sample usually sticks to the cutting blade and bends at regions close to the cutting
zone. The results are presented in Table 1. Based on the image analysis, a greater area of compression
was observed in the control sample (14.12 ± 1.25 mm compressed area), which is reduced with
increasing drying time. Starch retrogradation consists of two different processes: gelation of amylose
solubilized during gelatinization, and amylopectin recrystallization within the gelatinized granules,
which occurs on cooling, during low-temperature storage or drying [40]. During low-temperature
drying, the gelatinized starch molecules reassociate into an ordered structure, which reduces sample
stickiness and increases brittleness facilitating sample cutting. Also, since rice cake contains very low
amylose and very high amylopectin, amylopectin recrystallization occurs readily [8,39]. Hence, rice
cake showed high retrogradation under a prolonged drying period. However, the compressed area of
samples dried at 18 and 24 h varied insignificantly. Therefore, drying the rice cake sample at a low
temperature of 10 ◦C for 18 h reduces the effect of stickiness similar to drying for 24 h. Therefore, 18 h
of low-temperature drying is sufficient to reduce the stickiness effect with enhanced texture.

Table 1. Image analysis of dried rice cake.

Test Level
Measured Object Compressed Area (mm)

Object Area (Pixel) Object Area (mm)

Rice cake prior to cutting test 537260 ± 33125 a 45.91 ± 2.83 a 0.00
Control (0 h) 372219 ± 22356 c 31.79 ± 1.91 c 14.12 ± 1.25 a

Treated (6 h) 385265 ± 23527 c 32.96 ± 2.01 c 12.95 ± 1.19 a

Treated (12 h) 468200 ± 26687 b 39.99 ± 2.28 b 5.89 ± 0.89 b

Treated (18 h) 505773 ± 24697 a 43.21 ± 2.11 a 2.71 ± 0.54 c

Treated (24 h) 524969 ± 18376 a 44.85 ± 1.57 a 1.06 ± 1.12 c

Means with different superscript letters on the same column are significantly different at p < 0.05.

3.6. Effect of Intermittent ClO2 Treatment on Dried Rice Cake Sample Color and Sensory Properties

The color of rice cake treated intermittently with ClO2 is presented in Table 2a. The lightness (L),
whiteness index (WI), and redness values vary significantly at all treatment levels with a reduction
in lightness and an increasing redness as the drying period increased. The reduction in L-value
was attributed to surface starch interaction with the ClO2 gas rather than a temperature effect since
color changes of rice cake at higher temperature occur usually due to starch granule collapse during
gelatinization, which produces a transparent glossy layer [40]. In contrast, the yellowness after 24 h
drying period was significantly higher than in other treatments, but not significantly different during
6, 12, and 18 h of drying period. Interestingly, a strong correlation existed between the instrumental
yellowness measured and the color observed during sensory evaluation (Table 2b). Accordingly, it
can be stated that no significant changes occurred in the expected color of rice cake treated with ClO2

application as it was within the range known to consumers. The flavor score was slightly lower than
in the control sample with increasing drying time. The hardness score was reduced with increased
drying duration and was correlated with the hardness measured, and indicated reduced stickiness as
observed in the image processing. Consequently, all samples except the sample dried for 24 h exhibited
a high overall acceptability score (>4) (Table 2b). The lower score of the 24 h sample may be attributed
to the reduced flavor and hardness, mostly due to the drying time.
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Table 2. (a) Color of ClO2-treated rice cake at different drying periods; (b) Sensory evaluation scores of
gelatinized rice cake.

a. Color of ClO2-treated rice cake at different drying periods

Condition L A B WI
Control 80.31 ± 1.16 a

−0.94 ± 0.01 e 13.99 ± 0.20 c 75.83 ± 1.02 a

6 h 68.21 ± 0.38 b
−0.58 ± 0.02 d 14.84 ± 0.06 b 64.91 ± 0.45 b

12 h 65.76 ± 0.39 c
−0.49 ± 0.03 c 14.89 ± 0.12 b 62.66 ± 0.33 c

18 h 64.55 ± 0.24 d
−0.43 ± 0.03 b 14.96 ± 0.13 b 61.52 ± 0.23 d

24 h 63.84 ± 0.22 e
−0.24 ± 0.03 a 15.02 ± 0.11 a 60.84 ± 0.22 e

b. Sensory evaluation scores of gelatinized rice cake

Condition Color Flavor Hardness Overall
acceptability

Control 6.9 ± 0.2 a 6.7 ± 0.3 a 6.5 ± 0.1 c 6.3 ± 0.6 a

6 h 6.3 ± 0.2 b 6.6 ± 0.3 a 6.1 ± 0.1 b 6.2 ± 0.7 a

12 h 5.7 ± 0.4 b 5.9 ± 0.4 ab 5.9 ± 0.2 b 4.5 ± 0.5 b

18 h 5.5 ± 0.6 b 5.3 ± 0.3 b 5.1 ± 0.3 a 4.1 ± 0.7 b

24 h 4.1 ± 0.5 c 3.7 ± 0.2 c 5.3 ± 0.2 a 2.6 ± 0.8 c

Means with different superscript letters on the same column are significantly different at p < 0.05.

3.7. Inactivation of Microorganisms on Rice Cake by Sequential Treatment with ClO2 and Low-
Temperature Drying

The effect of intermittent ClO2 application combined with low-temperature drying on foodborne
pathogens in the rice cake sample was analyzed at 0, 6, 12, 18 and 24 h of treatment, as shown in Figure 8.
Treatment with gaseous ClO2 reduces the microbial load in the rice cake sample from 6.39 ± 0.37 to
4.64 ± 0.25, 3.99 ± 0.31, 3.51 ± 0.13 and 3.01 ± 0.22 log CFU/g as the drying period increased from 0 to
24 h, respectively (Figure 8). A similar inactivation by ClO2 has been reported with red chili pepper
using liquid ClO2 combined with hot air treatment [41]. A rapid reduction in the levels of B. cereus
was also recorded. However, when liquid ClO2 is used, utmost care should be taken as the moisture
usually triggers or initiates the growth of mold. However, gaseous ClO2 can be used over a wide range
with limited chances of accumulation on the surface of the treated food, and thus not hazardous when
a higher quantity is used for the treatment of solid foods [24].
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3.8. Microbial Growth on Rice Cake during Storage at 4 ◦C

Microbial analysis during storage of the control and the ClO2-treated samples are presented in
Figure 9. First, the treatment of rice cake with intermittent gaseous ClO2 application during drying
influences the reduction ratio of the initial microbial load at each testing level. The growth of B. cereus,
which is the predominant microorganism found in rice cake, is optimum at 38 ◦C and its growth rate is
limited at lower temperatures [37]. Nonetheless, the microbial growth of control rice cake sample was
found to rapidly increase and attained the optimum growth level (9.1028 CFU/g) in about 12 days,
even at a low temperature of storage (4 ◦C), suggesting the possible occurrence of other microbial
contaminants in rice cake. For example, Escherichia coli O157:H7, which has also been reported in rice
cake samples shows an optimum growth at 15 ◦C and grows better at lower temperatures than at higher
temperatures in contrast to the growth of B. cereus [42]. Therefore, the rapid growth rate observed
for the control rice cake sample may be attributed to other microorganisms rather than just B. cereus.
Furthermore, ClO2 treatment resulted in effective inactivation and inhibition of other microorganisms
with increasing treatment time by reducing the microbial load in the rice cake sample by up to 63% of
the initial concentration (6.39 CFU/g). A similar result was reported during the treatment of oriental
rice cake [43]. Consequently, ClO2 treatment for 24 h inhibited microbial growth on rice cake at low
temperatures with a maximum growth of 1 log CFU/g during 21 days of storage. This result, therefore,
suggests that the intermittent ClO2 treatment of rice cake leads to effective microbial inactivation and
an extension of the shelf-life of rice cake without additional unit operations.
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3.9. Growth Model and Validation

To estimate the effect of intermittent ClO2 application during low-temperature drying on the
growth of B. cereus in rice cake, the primary model parameters at various storage temperatures were
evaluated. The model-fitting results are shown with the microbial data (Figure 10, Table 3). The lag
time (λ) values of B. cereus in ClO2-treated rice cake at 5, 10, 15, 20, and 25 ◦C show a decreasing value
with increase in the storage temperature (9.83, 8.66, 7.83, 7.33, and 7.16 h, respectively) (Figure 10,
Table 3). Sterile rice cake samples were inoculated with a very high initial concentration (approximately
3.06 log CFU/g) of B. cereus, to replicate the worst-case scenario under inadequate steaming or cooking,
especially while processing rice cake at home. The result during the storage period shows different
growth characteristics based on the storage temperature, antimicrobial inactivation and inhibitory effect
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of gaseous ClO2 (Figure 10). Recently, many studies have reported the preparation of rice cake with
zero tolerance to B. cereus at different storage levels using different methods of inactivation, such as acid
soaking and high-temperature sterilization [14,20]. Unfortunately, the high-temperature sterilization
may affect the structure and shape of rice cake, despite ensuring microbial sterility. Similarly, the
whiteness values of the rice cake may be reduced by 50% based on soaking time or treatment conditions
due to Maillard reaction, resulting in altered structure and appearance, which reduces the market
value [14]. Our results of experimental lag time are similar to those reported during high-temperature
treatment of rice cake stored at 25, 20, and 17 ◦C [43]. Furthermore, the optimum growth rate studied
as a function of temperature is reduced with decreasing storage condition such that the growth rate at
25 ◦C (0.035 CFU/g) is 35-fold faster than the growth rate at low temperature (5 ◦C), which explains the
rapid growth observed at higher temperatures (25, 20, and 15 ◦C) (Figure 10). The optimum growth
temperature for B. cereus has been reported as 38 ◦C [36], and can be attributed to the reduced growth
rate at low-temperature due to inhibition of B. cereus in rice cake. A similar observation has been
reported with the inhibition of B. cereus growth at low temperatures [21,38,43].
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Figure 10. B. cereus growth during storage at 5–25 ◦C fitted with Baranyi growth model.

Table 3. Growth rate (µmax) and lag time (λ) of B. cereus on rice cake treated at varying
storage temperatures.

Treatment Conditions Temperature (◦C) µmax (CFU/g/h) λ (h) R2 RMSE SSE Prediction Error

ClO2 treated 24 h 25 0.0035 7.0 0.9945 0.038 0.0071 Acceptable
20 0.0019 7.33 0.9963 0.021 0.0041 Acceptable
15 0.0007 7.83 0.9971 0.013 0.0034 Acceptable
10 0.00051 8.66 0.9970 0.019 0.0038 Acceptable
5 0.0001 9.83 0.9951 0.018 0.0051 Acceptable

The observed and predicted growth patterns under storage temperature conditions were analyzed
using Equations (2) and (3) and presented in Table 3. In general, all storage temperatures showed
a good fit with the Baranyi primary model predicting the growth of B. cereus on ClO2-treated rice
cake. Higher fitness was observed under storage at 10 ◦C and 15 ◦C with a higher R2 and lower RMSE
values. However, at a few experimental points, higher prediction was observed especially at higher
storage temperatures, which yielded lower R2 and RMSE values. Similar results were reported for
growth models of B. cereus in rice cake [38], which were attributed to an altered physiological state of
the microorganism due to cold shock-inducing a lag phase, especially close to growth levels near the
optimum growth points [38]. Furthermore, the results of prediction error in the range of −1.0 to 0.5,
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suggesting the acceptability of the models predicting bacterial growth [38], shows that the predictive
model validates the effect of storage temperature in our study under all temperatures tested.

4. Conclusions

In conclusion, this study validated the effect of intermittent ClO2 treatment during low-temperature
drying to reduce the stickiness of rice cake during cutting and decrease the microbial load, resulting
in extension of shelf-life by 86 h and 432 h during storage at room temperature (25 ◦C) and 5 ◦C,
respectively. The drying conditions determined using texture analysis combined with image processing
results showed that drying rice cake at a low temperature of 10 ◦C for 18 h reduces stickiness 7-fold
without interfering with other textural properties. However, contamination during the drying process
may occur with an increase of about 2 log CFU/g. Therefore, microbial inactivation in rice cake using
a combination of intermittent gaseous ClO2 application was verified by determining the absorption
rate and color changes. Furthermore, the inhibition of B. cereus by ClO2 at extremely high initial
concentration of > 3 log CFU/g was evaluated. Intermittent treatment showed the inhibition of
microbial growth for about 18 days at a storage temperature of 5 ◦C without exceeding the acceptable
population threshold (106 CFU/g) for toxin production. Consequently, the data fitted the Baranyi
model at all experimental temperatures (5–25 ◦C) with R2 values > 0.99.
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