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Abstract: Pulsed electric field (PEF) is one of the emerging technologies that has been applied
in many aspects of the food industry. This study examined the impacts of a PEF on the cooking
quality, physicochemical properties, nutritional factors, and in vitro protein and starch digestion of
two varieties of rice, including Jasmine 105 (white non-glutinous rice) and San Pa Tong 1 (white
glutinous rice). Response surface methodology (RSM) and a three-level, three-factor Box-Behnken
design were employed to assess the effects of the pulse number, electric field strength, and fre-
quency on cooking time. The findings demonstrated that the number of pulses was a crucial factor
influencing cooking time. Under optimal conditions (3347-4345 pulses, electric field strengths of
6-8 kV/cm, and frequencies ranging from 6 to 15 Hz), the rice cooking time was significantly reduced
by 40-50% (p < 0.05) when compared to a conventional method. Moreover, PEF-treated rice showed a
significant enhancement in in vitro protein and starch digestibility (p < 0.05), as well as retained a
higher content of rapidly digestible starch. These results suggested that PEF treatment is a promising
green technology for producing a novel quick-cooking rice with an improved eating quality.

Keywords: rice; pulsed electric field (PEF); cooking quality; starch; in vitro digestion

1. Introduction

Rice is a crucial staple meal for over half of the global population, particularly Asians
and Africans. The primary constituent of rice, carbohydrates, supplies the majority of the
major energy that humans need for daily life [1,2]. Thailand was the second-largest rice
exporter, with about 8.2 million metric tons of rice worldwide in 2023-2024 [3]. Two of the
most popular Thai rice varieties are Jasmine 105, a non-glutinous rice with a pandan-like
aroma that contains 20-30% amylose, making it has a soft texture once cooked [4-6]; and,
San Pa Tong 1, a glutinous rice that offers a superior energy source compared to regular
white rice [7]. It contains a lower amylose content (0-2% on a dry basis) and a high amount
of amylopectin, which is responsible for the sticky texture of cooked rice [8,9]. Traditionally,
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polished rice, depending on the variety and grain size (long, medium, or short), requires
even 20-35 min to cook to satisfactory acceptability. As a result, this may not be suitable for
consumers who live an urban lifestyle and have less time to prepare food at home.

Researchers have extensively researched and produced quick-cooking rice, which
cooks significantly faster than conventional rice, using a variety of processes, including the
freeze—thawing process [10], high hydrostatic pressure process [4], and infrared radiation
heating [11]. Those mentioned processing methods differently affect grain structures, result-
ing in varying cooking times for rice. Traditionally, thermal treatment creates substantial
cracks in the grains, which facilitates the rapid absorption of water that can reduce the cook-
ing time; however, it can also cause a loss of nutrients. Consequently, manufacturers and
researchers have devoted significant attention to non-thermal processes in order to produce
faster-cooking rice that maintains the same nutritive value and grain integrity. Freeze—
thawing is a non-thermal procedure that has been generally utilized for creating numerous
pores on the surface of the rice grains [10]. Nevertheless, this procedure is impractical due
to the extended processing time, which can result in an increase in production costs.

Pulsed electric field (PEF), an emerging non-thermal process, involves delivering a
short pulse with a high electric field strength to materials placed between two electrodes
at room temperature. The intensity of the electric field generated between the electrodes
influences the transmembrane potential differential, resulting in “electroporation” that can
cause pore formation on the cell membrane. PEF has the potential to be a nonthermal food
preservation technology that preserves the integrity of food and inactivates microorganisms.
Mass transfer enhancement, enzyme deactivation, meat processing, and extraction are
among the numerous applications of a PEF in the preparation of foods [12,13]. Several
studies have demonstrated the significant benefits of this phenomenon in enhancing the
extraction efficiency of bioactive compounds from plant materials, such as rice bran [14],
onion [15], and blueberry pomace [16]. This is achieved by breaking down the cell walls,
which subsequently increases the diffusion rate of solvents used in the internal structure of
these materials. In this regard, a PEF might also be helpful to create pores on the rice grains
and accelerate water absorption during cooking, which might reduce the cooking time of
rice [17].

Aside from the cooking time, digestibility should be regarded as a second key aspect
for developing a successful quick-cooking rice product. Previous studies utilizing various
rice varieties suggest that the amylose concentration and structure of rice starch, due to
its physicochemical properties, contribute to its starch digestibility [18-20]. Moreover, the
processing procedures employed for rice can affect the rate of starch breakdown. This is
because differing processing methods result in double helices or starch-lipid complexes,
which make starch less digestible [20]. To the best of our knowledge, there has been little
investigation into the possible applications of PEF technology in producing quick-cooking
polished rice, as well as the impacts of these treatments on in vitro protein and starch
digestibility. This study aims to create PEF-based processes as a unique approach for
generating quick-cooking rice from two rice varieties, San Pa Tong 1 (glutinous rice) and
Jasmine 105 (non-glutinous rice). The processing parameters, such as the number of pulses,
electric field intensity, and frequency, were optimized to achieve the quickest cooking time.
Furthermore, the physicochemical properties, microstructure, and in vitro protein and
starch digestion of quick-cooking rice were investigated.

2. Materials and Methods
2.1. Materials

The rice used in the experiment was supplied by the Lanna Rice Research Center,
Chiang Mai University, Thailand. The composition and amylose content of rice used in this
study were determined by the Association of Official Analytical Chemists’ method [21] and
the method of Jiamyangyuen et al. [22], respectively. Jasmine 105, a white non-glutinous
rice, contained 12.10 £ 0.02% moisture, 78.82 &= 0.08% carbohydrates, 6.82 &= 0.04% protein,
0.74 £ 0.07% fat, 0.08 & 0.01% crude fiber, 1.55 & 0.00% ash, and 20.07 % 0.05% amylose.
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San Pa Tong 1, a white glutinous rice, is comprised of 11.87 % 0.00% moisture, 80.03 %= 0.06%
carbohydrates, 5.88 £ 0.05% protein, 0.66 &= 0.01% fat, 0.07+ 0.01% crude fiber, 1.60 &= 0.02%
ash, and 6.25 £ 0.02% amylose. Both varieties were 120-day-crop rice. The enzymes used in
the experiment, including trypsin (EC.3.4.21.4, 10,000 BAEE units/mg protein) from bovine
pancreas, pepsin (EC.3.4.23.1, 250 units per milligram solid) from porcine gastric mucosa,
and «-amylase from porcine pancreas (500KU, A3176), were purchased from Merck KGaA,
Darmstadt, Germany.

2.2. Methods
2.2.1. Pre-Gelatinization of Rice

Rice was pre-gelatinized using a method similar to the one described by Boluda-
Aguilar et al. [4]. The non-glutinous rice was soaked in water for 3 h in a 1:1 ratio; instead,
the glutinous rice was soaked in water for 6 h in a 1:3. The rice was then drained for 2-3 min.
The pre-gelatinized rice was cooked in an electric steamer for 60 and 45 min, respectively.

2.2.2. Optimization of Quick-Cooking Rice Production Using a PEF

The experimental design was generated with Stat-Ease software (Design-Expert version
6.0.2, Minneapolis, MN, USA). Response surface methodology (RSM) and a three-level, three-
factor Box-Behnken design were used to evaluate the effects of the number of pulses (X,
2000-6000 pulses), electrical field strength (Xp, 6-10 kV/cm), and frequency (X3, 3-15 Hz) on
the cooking time. The experimental design included 17 treatments with five replications of
the central point, as shown in Tables 1 and 2 for Jasmine 105 and San Pa Tong 1, respectively.

Table 1. Cooking times of 17 different PEF treatment combinations of Jasmine 105 rice.

Experimental Design

No Number of Pulses Field Strength Cooking Time
. gt Frequency (min)
(Pulse) (kV/cm) (Hz)

1 2000 6 5 6

2 4000 6 5 4

3 2000 10 5 5

4 4000 10 5 5

5 2000 8 3 6

6 4000 8 3 3

7 2000 8 7 6

8 4000 8 7 4

9 3000 6 3 5
10 3000 10 3 4
11 3000 6 7 4
12 3000 10 7 5
13 3000 8 5 4
14 3000 8 5 4
15 3000 8 5 3
16 3000 8 5 4
17 3000 8 5 3

The PEF treatments were conducted on an exponentially declining pulse in a batch
system. A total of 200 £ 10 g of pre-gelatinized rice was mixed with water in a 1:1 ratio
(w/v), and then placed in a cylindrical chamber with a diameter of 6 cm and a height
of 24 cm. The container contained a probe electrode with a width of 3 cm. The samples
were treated using the conditions shown in Tables 1 and 2. The treated samples were
subsequently dried by following the method in Section 2.2.4. Afterward, the cooking time,
as mentioned in Section 2.2.5 was evaluated and used as a response value.
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Table 2. Cooking times of 17 different PEF treatment combinations of San Pa Tong 1 rice.
Experimental Design
No Number of Pulses Field Strength F Cooking Time
. g requency (min)
(Pulse) (kV/cm) (Hz)

1 4000 6 10 5

2 6000 6 10 5

3 4000 10 10 4

4 6000 10 10 4

5 4000 8 5 5

6 6000 8 5 6

7 4000 8 15 5

8 6000 8 15 3

9 5000 6 5 6
10 5000 10 5 3
11 5000 6 15 3
12 5000 10 15 4
13 5000 8 10 3
14 5000 8 10 4
15 5000 8 10 4
16 5000 8 10 4
17 5000 8 10 3

The experimental data were fitted to a second-order polynomial model, and regression
coefficients were obtained. The generalized second-order polynomial model used in the
response surface analysis was as follows:

3 3 2 3
Y =Bo+ ) BiXit Y BuX ) ijz BijXiX; @

where B is defined as a constant, §; is the linear coefficient, §;; is the quadratic coefficient,
and ;; is the interaction coefficient. X; and X; are the levels of independent variables.

A table displaying the results of an analysis of variance (ANOVA) was created. An anal-
ysis was conducted on the factor and regression coefficients of individual linear, quadratic,
and interaction terms. The significance of each term in the equation for the model was
determined by calculating the F-value at a probability (p-value) of 0.05. The regression coef-
ficients were utilized to perform statistical mathematics, which created three-dimensional
response surface contour plots based on the regression models.

Optimization of the conditions to produce quick-cooking rice under the variables
examined was achieved through the application of RSM. The experiment was designed to
achieve the optimum value of the shortest cooking time. Furthermore, the response was
also examined after the optimized conditions were verified through follow-up experiments.
The model’s validity was verified by comparing the experimental and predicted values.
Additionally, the cooking time of the sample from the optimal PEF conditions was compared
to that of the conventional freeze—thawing method.

2.2.3. Quick-Cooking Rice Production Using Freeze-Thawing

The freeze-thawing procedure, which is based on the method described by Dol-
lete et al. [10], was employed with certain modifications. Pre-gelatinized Jasmine 105
(200 =+ 10 g) and pre-gelatinized San Pa Tong 1 (200 & 10 g) were furfure subjected to freez-
ing at —18 £ 1 °C for 16 h in a freezer, followed by thawing at 4 £ 1 °C for 8 h in a chiller.
The treated samples were subsequently dried by following the method in Section 2.2.4.
Afterwards, the cooking time was evaluated as mentioned in Section 2.2.5.

2.2.4. Dehydration of Pre-Treated Rice

All samples that were pre-gelatinized (control), frozen-thawed, and treated with PEF
were dried in a hot air oven at 65 °C for 12-14 h until the moisture content was less than
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12% [23]. The dried samples were then placed in a ziplock plastic bag and frozen until
further use.

2.2.5. Determination of the Cooking Quality
Cooking Time

The cooking time was established utilizing the methodology proposed by Dollete
et al. [4] and Jiao et al. [24], with some minor adjustments. A total of 10 g of each dried
sample was mixed with 150 mL of water in a 250 mL beaker. The mixture was then covered
with a watch glass and subjected to microwave radiation at a power of 900 W. Subsequently,
a single rice grain was placed between two glass plates every minute, and the cooking
process was monitored until a minimum of 90% of the grains exhibited neither an opaque
core nor a well-cooked center.

Water Uptake Ratio

The water absorption ratio was determined using the method outlined by Chin
et al. [25]. Ten grams of dried rice was added to 150 mL of distilled water and subjected
to microwave cooking at a power of 900 W for the minimum duration, as established in
Section of cooking time determination. Once the rice was cooked, it was drained, and any
excess water on the surface was eliminated by pressing it between pieces of filter paper.
Afterward, the rice obtained was measured in terms of weight, and the water uptake ratio
was determined using the following equation:

water uptake ratio (g/g) = (weight of cooked grain — weight of uncooked grain)/weight of uncooked grain.  (2)

Cooking Loss

The cooking loss was determined using the methods described by Chin et al. [25]
and Jaroenkit et al. [26]. Ten grams of rice was mixed with 150 mL of distilled water and
microwaved at 900 W for the minimum cooking time (as specified in Section 2.2.5). After
cooking, the water was drained, and the samples were pressed between filter paper to
remove any excess surface water on the surface of cooked rice. The cooked rice was dried
in a hot air oven at 65 °C for 12-14 h until the moisture content reached 8-12%. Finally,
dried samples were weighed, and the percentage of cooking loss was calculated using the
following equation:

cooking loss (%) = [(weight of uncooked rice — weight of dried cooked rice)/weight of uncooked rice] x 100. (3)

2.2.6. Rice Grain Morphological Analysis

Scanning electron micrographs of the uncooked rice samples were taken using a
scanning electron microscope (JSM-5910LV, JEOL Ltd., Tokyo, Japan) with magnifications
of 500 x and 1000 x.

2.2.7. Analysis of the Vitamin B1 and B3 Contents

The modified method of Van et al. [27] was employed to determine the vitamin Bl
and B3 contents. In a centrifuge tube, 1 g of ground rice samples was mixed with 1 g of
trichloroacetic acid (TCA). The mixture was incubated at —20 °C for 5 min after the addition
of 5 mL of distilled water. Subsequently, it was centrifuged at 3000 g for 30 min at 4 °C.
The supernatant was collected and diluted with distilled water to a volume of 5 mL. The
Poroshell 120 EC-C18 column (4.6 x 150 mm, 4 um internal diameter) was injected with
20 pL of each sample at a rate of 0.8 mL/min. HPLC-LC/MS (Agilent 1260 Infinity II Series,
LC/MSD XT, Agilent Ltd., CA, USA) was used for the analysis. Solution A (90% of the
mobile phase) consisted of 2.4% acetic acid, 15% methanol, and 0.1 M potassium dihydrogen
phosphate, while solution B (10%) was composed of acetonitrile. The average peak areas at
240 nm were employed to estimate the vitamin contents from the standard curve.
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2.2.8. Evaluation of In Vitro Digestibility
Digestible and Resistant Starch Contents

They were measured according to the method of the digestible starch and resistant
starch assay kit (K-DSTRS, Megazyme, Wicklow, Ireland).

In Vitro Starch Digestion Kinetics

The kinetics of in vitro starch digestion were investigated using the method of Kraithong
et al. [28], with a few modifications. The sample powder (0.1 g) was boiled in 15 mL of
a phosphate-buffered saline solution (0.2 M, 10 mL, pH 6.0) for 30 min. Subsequently,
the solution was incubated with 1 mL of the enzyme solution (x-amylase 20 units/mL in
phosphate-buffered saline, pH 6) at 37 °C without agitation. The containers were metic-
ulously turned upside down before aliquots (100 uL) were removed at varying intervals
(0, 5, 20, 40, 60, 90, and 120 min). Subsequently, 300 uL of a 0.5 M sodium carbonate
solution was immediately added to terminate the reaction. Subsequently, the solutions
were centrifuged at 2200x g for 5 min, and the supernatant (100 pL) was employed to
estimate the concentration of D-glucose equivalents using the para-hydroxybenzoic acid
hydrazide assay (pHBH assay) [29]. Ten microliters of the sample were combined with
1 mL of a freshly prepared mixing solution, which included 0.5 M sodium hydroxide and
5% (w/v) para-hydroxybenzoic acid hydrazide in 0.5 M hydrochloric acid. The mixture
was heated to 100 °C for 5 min and then allowed to settle. Lastly, the absorbance of the
set aside solution was tested at 410 nm. The logarithm of slope (LOS) model, which was
proposed by Butterworth et al. [30], was used to fit the data from the digestion curves, as
shown in the following equation:

dacC

In (dt) = In(Ceok) — kt (4)

where f represents the digestion time (min), C represents the amount of digested starch
(%) at digestion time ¢, and k is the apparent digestion rate coefficient (min~!). Cw is the
digestion at an infinite time. Lastly, the k value was determined by plotting the slope of a
linear least-squares fit of a plot of In(dC/dt) against ¢.

In Vitro Protein Digestion

Protein digestion was conducted using the methodology described by Phongthai
et al. [31]. A solution with a protein concentration of 1% was prepared and its pH adjusted
to 1.5 by adding 3.0 M HCl. A weight-to-weight ratio of 1:100 was employed to mix pepsin
into the protein solution. The mixture was thereafter placed in an incubator and maintained
at a temperature of 37 °C for a period of 120 min. Subsequently, the blend was neutralized
by adding a 3.0 M NaOH solution. Subsequently, trypsin was introduced to the protein
mixture at a similar enzyme-to-protein ratio as before and maintained at a temperature of
37 °C for a period of 120 min. To suppress the trypsin activity, the mixture was subjected
to a temperature of 95 °C for a period of 10 min. Following the process of digestion, the
protein underwent dehydration using a freeze drier. The protein content was determined
using the Kjeldahl method, with a conversion factor of N x 5.95. The protein digestibility
% was calculated using the following equation:

protein digestibility (%) = [(protein in the sample — protein in the undigested fraction)/protein in the sample] x 100 (5)

2.2.9. X-Ray Diffraction Analysis

The X-ray diffraction (XRD) patterns of rice samples, including pre-gelatinized (con-
trol), frozen-thawed, and optimal PEF-treated samples, were obtained using an Empyrean
X-ray diffractometer (PANalytical, Almelo, The Netherlands) at an accelerating voltage of
40 kV and a current of 40 mA using CuK« radiation with a wavelength of 0.154 nm. The
scanning zone was configured to span from 10 to 40 degrees of the diffraction angle 26,
with a step size of 0.026° and a scan rate of 70.125 s/step. The crystalline peak area and
amorphous area were identified using PeakFit software (Version 4.0, Systat Software Inc.,
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San Jose, CA, USA). The relative crystallinity was calculated by dividing the crystalline
peak area by the overall diffraction area.

2.2.10. Statistical Analysis

One-way analysis of variance (ANOVA) followed by Duncan’s multiple range test
were used to compare the means between the groups and determine significant differences
(p < 0.05). The analysis was conducted using SPSS Statistics version 17.0 (SPSS Inc., Chicago,
IL, USA).

3. Results and Discussion
3.1. The Optimization of PEF Treatment for Quick-Cooking Rice Production
3.1.1. Model Fitting

The impacts of three parameters, including the number of pulses (X, 2000-6000 pulses),
the electric field strength (X5, 6-10 kV/cm), and frequency (X3, 3-15 Hz), were assessed on
the duration required for rice cooking. The cooking time for Jasmine 105 and San Pa Tong 1
treated with a PEF ranged from 3 to 6 min, as shown in Tables 1 and 2, respectively.

The ANOVA and p-values illustrated the impacts of the three factors on the cooking
time of each variety of rice (Table 3). The generalized second-order polynomial model
of cooking time was based on regression Equations (6) and (7), which demonstrated an
empirical relationship between the cooking time and the studied variables.

Cooking time of Jasmine 105 = 3.60 — 0.87X; + 0.13X3 + 0.50X; X5 + 0.25X; X3 + 0.50X,X3 ©6)
0.83X12 + 0.57X52+ 0.33X32

Cooking time of San Pa Tong 1 = 3.60 — 0.13X; — 0.50X; — 0.63X3 — 0.75X1 X3 + 1.00X,X3 + @)
0.83X12 + 0.075X52 + 0.32X32

Table 3. ANOVAs of Jasmine 105 and San Pa Tong 1 rice.

Rice Source Sum of Squares DF Mean Square F-Value p-Value
Model 13.67 9 1.52 434 0.0330 Sig
X4 6.13 1 6.13 17.50 0.0041 S8
X5 0.000 1 0.000 0.000 1.0000 NS
X3 0.12 1 0.12 0.36 0.5689 NS
X;2 2.87 1 2.87 8.19 0.0243 Si8
X2 1.39 1 1.39 3.98 0.0863 NS
Jasmine X532 0.44 1 0.44 1.27 0.2968 NS
105 Xy Xo 1.00 1 1.00 2.86 0.1348 NS
X1 X3 0.25 1 0.25 0.71 0.4260 NS
X5 X3 1.00 1 1.00 2.86 0.1348 NS

Residual 2.45 7 0.35
Lack of Fit 1.25 3 0.42 1.39 0.3678 NS

Pure Error 1.20 4 0.30

Cor Total 16.12 16

Model 15.02 9 1.67 8.06 0.0059 Sig
X4 0.13 1 0.13 0.60 0.4627 NS
X, 2.00 1 2.00 9.66 0.0171 S8
X3 3.13 1 3.13 15.09 0.0060 58
X312 2.87 1 2.87 13.83 0.0075 Si8
X,2 0.024 1 0.024 0.11 0.7452 NS
San Pa X52 0.44 1 0.44 2.15 0.1863 NS
Tong 1 X1 Xo 0.000 1 0.000 0.000 1.0000 NS
X1 X3 2.25 1 225 10.86 0.0132 Sig
X5 X3 4.00 1 4.00 19.31 0.0032 Si8

Residual 1.45 7 0.21
Lack of Fit 0.25 3 0.083 0.28 0.8395 NS

Pure Error 1.20 4 0.30

Cor Total 16.47 16

“DEF” represents degree of freedom, “NS” represents no statistical significance, while “Sig” represents statistical
significance at p < 0.05.
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The model may clarify the correlation between the dependent and independent vari-
ables using the F-test to determine the significance of each coefficient in the regression
equation. The model equations for Jasmine 105 and San Pa Tong 1 were statistically sig-
nificant (p < 0.05) in accurately representing the experimental data (Table 3). The cooking
time model coefficient of determination (R?) for Jasmine 105 and San Pa Tong 1 was 0.8480
and 0.9120, respectively, which indicated that the model was suitable to explain 84.80%
and 91.20% of the variability in cooking time for each variety. Meanwhile, the adjusted
R-squared values of the models for Jasmine 105 and San Pa Tong 1 were 0.6526 and 0.7988,
respectively. These values suggested that the model fits well with the experimental data.
Furthermore, the lack of fit value (p > 0.05) confirms that the constructed model accurately
represents the relationship between the study variables.

3.1.2. Response Surface Methodology Analysis

Figure 1 shows three-dimensional response surface plots that illustrate the relationship
between the studied parameters and cooking time of Jasmine 105 rice. The pulse number
mainly had a linear negative effect on the cooking time (X1, coefficient = —0.87, and X;2,
coefficient = 0.83). Meanwhile, the cooking time was not significantly affected by electric
field strength and frequency (p > 0.05). The shortest time was achieved using 3000 pulses
(Figure 1). A high number of pulses can cause fissures or pore formation on the surface of
plant cells, allowing water to more easily reach the rice endosperm during cooking and
resulting in a reduced cooking time. Similarly, Ignat et al. [32] discovered that treating
potato cubes with 810-9000 pulses at electric field strength of 0.75-2.50 kV /cm resulted
in greater water penetration than leaving the sample untreated, providing a softer texture
while preserving their natural appearance.

Cooking time

6.00 2000.00

Cooking time

3000.00

C: Frequency

A: Number of pulses

3.00 2000.00
(b)

Figure 1. Cont.
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w
&
x

7.00
10.00

C: Frequency

B: Field strength

Figure 1. Three-dimensional response surface contour plots demonstrating the impacts of the field
strength and number of pulses (a), the frequency and the number of pulses (b), the frequency and the
field strength (c), on the cooking time of Jasmine 105 rice.

In addition, the interaction term of the electric field strength and the frequency had the
most significant positive impact on the cooking time of San Pa Tong 1 rice (coefficient = 1.00,
p <0.05), as illustrated in Figure 2. As result, when the strength of the electric field increased,
the duration of cooking likewise increased. This is because an excessive frequency and
field strength interrupted build-up of transmembrane potential at the cell membrane that
directly prevented pore formation, as well as delayed water penetration into the rice grain
structure. This result was consistent with the study by Thongkong et al. [5], who revealed
that increasing the frequency from 5 to 7 Hz during PEF treatment largely extended cooking
time of Kum Chao Mor Chor 107 rice from 4.5 to 7.6 min. In addition, Toepfl et al. [33] found
that the application of too high of an electrical current can also cause a reduction in the
water removal rate, resulting in crust formation on the dried cured beef surface. However,
some intrinsic factors regarding complexity of the cell wall matrix, compactness of the
grain/raw materials, and chemical composition might also affect electroporation efficiency.

5125

463644

414788

3.65931

3.17075

Cooking time

10.00
6000.00

5000.00

B: Field strength
A: Number of pulses

6.00 4000.00

()

Figure 2. Cont.
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Figure 2. Three-dimensional response surface contour plots demonstrating the impacts of the field
strength and number of pulses (a), the frequency and the number of pulses (b), the frequency and the
field strength (c), on the cooking time of San Pa Tong 1 rice.

3.1.3. Verification and Optimization

Table 4 presents the predicted and experimental values for the optimal conditions for
quick-cooking rice production using a PEF. The treatment conditions for Jasmine 105 in-
cluded 3347 pulses, an electric field strength of 6 kV/cm, and a frequency of 6 Hz. Mean-
while, the optimal PEF treatment conditions for San Pa Tong 1 consisted of 4345 pulses,
an electric field strength of 8 kV/cm, and a frequency of 15 Hz. The optimal cooking
time for Jasmine 105 and San Pa Tong 1 was 4 min. Hence, we found reasonable agree-
ment between the predicted and experimental values, and even a one-minute error can
be found for the cooking time of Jasmine 105. According to the study by Rizk et al. [34],
polished rice grains normally require 20-35 min of cooking time. Thus, it can be con-
cluded that the optimized PEF treatment in this study could reduce the cooking time by
approximately 5.0-8.7 fold. However, PEF treatment only reduced the cooking time of two
unpolished rice varieties, including Kum Chao Mor Chor 107 and Kum Doi Saket, by about
2.22-3.96 fold, as reported in our previous study [5]. When compared to the freeze-thawing
method, the optimized PEF treatment successfully shortened the cooking time of Jasmine
105 and San Pa Tong 1 rice by about 40-55%.
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Table 4. Verification and optimization of the cooking time.

Process Parameter Setting Cooking Time (min)
Rice Electric Field . .
Variety Number of Pulses Strength Frequency PEF-Predicted PEF-Experiment FreezeThawing
(Pulse) (Hz) Value Value
(kV/cm)
Jasmine 105 3347 6 6 4 3 5
San Pa Tong 1 4345 8 15 4 4 9

3.2. The Effect of the PEF Treatment on Rice Quality
3.2.1. Rice Grain Morphology

The morphological characteristics of frozen and thawed rice, optimal PEF-treated rice,
and the control sample were observed under a scanning electron microscope, as shown
in Figure 3. Clearly, the control rice samples displayed a lack of porosity characteristics.
Conversely, the rice samples that underwent freeze—thawing and optimized PEF treatments
exhibited distinct alterations in their structural porosity. However, each treatment resulted
in unique pore formation due to the different mechanisms employed by the core approach.
Based on a prior investigation, the process of freezing and thawing has been widely used to
create pores in the structure of rice grains. This phenomenon occurs when water undergoes
a freezing process, resulting in the formation of ice crystals. Porosity develops after the
water has undergone a phase change from a solid to a liquid state, resulting in the formation
of a honeycomb-like porous structure [10,35,36].

The rice samples treated with PEF exhibited distinct surface characteristics, includ-
ing an extensive pore size and numerous fissures. The results were consistent with the
research conducted by Angersbach et al. [37] and Asavasanti et al. [38], who proposed that
the pulsed electric field method induces electroporation, causing an electric potential to
accumulate on plant cell membranes and resulting in increased porosity in unpolished Thai
rice grains [5]. Once the electric potential reaches a certain threshold, it will cause plant
cells to permeabilize, fracture, and break. Therefore, these alterations can serve as solid
proof of the decreased duration of cooking. According to the study by Qiu et al. [39], a
degree of porosity on the rice surface enables water and other elements to enter the rice
grain while cooking, resulting in a shorter cooking time.

Figure 3. Cont.
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Figure 3. SEM images of Jasmine 105 rice samples: control (A, 500 x and D, 1000 x ), freeze-thawing
(B, 500% and E, 1000 %), and optimized PEF treatments (C, 500 x and F, 1000 x). SEM images of San
Pa Tong 1 rice samples: control (G, 500 x and J, 1000x), freeze-thawing (H, 500x and K, 1000 x ), and
optimized PEF treatments (I, 500x and L, 1000 x).

3.2.2. Cooking Quality

The qualities of rice samples treated with PEF and freeze-thawing were compared.
The cooking times between the two processes were obviously different. PEF treatment
significantly reduced the cooking time when compared to control and frozen and thawed
samples (p < 0.05). The shortest cooking times for optimal PEF-treated Jasmine 105 and
San Pa Tong 1 rice were 3 and 4 min, respectively. The results were related to the porosity
of the rice grain surface, as shown in Figure 3. Similarly, the PEF treatment successfully
decreased the cooking time of unpolished pigmented rice by about 40-50% [5]. In addition,
Lang et al. [11] revealed that the application of infrared radiation can cause a fissure in the
grain endoscope and reduce the cooking time from 13.50 to 5.17 min. Thus, a reduction in
cooking time is associated with an increase in the intensity of fissures, which can enhance
water absorption into rice grains.

Subsequently, the water absorption ratios of both untreated and treated samples were
evaluated. The water uptake ratio of Jasmine 105 rice treated with the optimized PEF was
the greatest, measuring 2.12 + 0.16 g/g (p < 0.05, Table 5). The induced holes, cracks, and
fissures on the rice grain facilitate the penetration of water into the rice endosperm more
effectively compared to the rice subjected to the freeze-thaw treatment. Consequently, the
PEF process enables the rice grains to increase their water absorption and size. Additionally,
it decreases the duration of cooking and enhances the physicochemical properties of rice.
Polachini et al. [40] discovered that the application of a PEF treatment had a positive effect
on the germination of wheat malt. The wheat malt seeds subjected to 200 pulses at an
electric field strength of 3 kV/cm and an energy input of 19.8 k] / kg exhibited a 25% increase
in water absorption in comparison to untreated seeds. Nevertheless, both freeze-thaw-
treated San Pa Tong 1 rice (1.48 & 0.03 g/g) and optimal PEF-treated San Pa Tong 1 rice
(1.45 £ 0.02 g/g) exhibited identical water absorption ratios, which were even lower than
those of non-glutinous rice, as indicated in Table 5. The decreased water absorption ratio
may be attributed to a reduction in the amount of water-soluble amylopectin, which is a
branched molecular structure that exhibits stronger affinity for water during the cooking
process. Initially, water molecules penetrate the crystalline areas of starch granules as a
result of the densely packed branches of amylopectin chains, causing the starch to expand
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and fracture [41]. As a result, this can lead to the release of starch granules and subsequently
decrease the water absorption capacity of rice grains.

Table 5. Characteristics of rice treated with freeze-thawing and PEF.

L. Jasmine 105 San Pa Tong 1
Characteristics
Control Freeze-Thawing PEF Control Freeze-Thawing PEF
The cooking quality
Cooking time (min) 7.0+ 0.582 5.0+ 0.00b 3.0+ 0.00°¢ 15.0 £ 0.582 9.0+ 058P 4.04+0.00°¢
Water uptake ratio (g/g) 1.53 £0.05¢ 1.87 £ 0.03P 212+0.162 2.03 +0.072 1.48 £ 0.03b 1.45 +0.02P
Cooking loss (%) 3.63+0.23°¢ 10.15+ 0462 7.77 +£0.15° 9.17 £ 0.30° 1355+ 1.622 12.08 £0.98 2
Nutrition factors
Vitamin B1 (ug/100 g) 176.70 £0.012 32.31 +£0.56 ¢ 80.05 +0.18 P 33.77 £0.122 32.69 +£0.14P 23.59 +0.08 ©
Vitamin B3 (ug/100 g) 12.04 £ 0.00 2 11.18 + 0.06 ® 12.02 £ 0.00 P 3.04 +£0.002 3.00 £ 0.082 298 +0.072
In vitro digestibility
Protein digestibility (%) 5228 +1.512 52.19 +0.96 2 54.38 +2.362 15.18 £2.15¢ 28.43 4+ 3.74P 36.92 +3.442
Digestible and resistant starch (/100 g in dry basis)
RDS 10.57 £ 0.04 P 13.30 £0.102 9.95 + 0.00 € 12.75 + 0.01 b 13.62 +£0.252 13.69 £ 0.052
SDS 415 +0.02° 3.014+0.12°¢ 6.214+0.242 1.01 £0.02¢ 247 £0.31° 3.60 +0.042
TDS 14.78 4 0.01 ¢ 21.03 4+ 0.052 17.29 +0.02° 15.08 4+ 0.04 ° 15.03 + 0.03 P 19.91 4 0.07 @
RS 0.03 + 0.00P 0.04 +0.00° 048 +0.01° 0.03 4+ 0.00° 0.03 +0.00° 0.04 £0.012
Total starch 14.81 £ 0.01°¢ 21.07 +0.052 17.77 £0.04® 15.11 +0.04° 15.06 + 0.03 P 19.96 + 0.08
In vitro starch digestion kinetics
k (min~1) 0.0429 0.0386 0.0388 0.0317 0.0503 0.0465
C1o0 (%) 72.36 £0.78 @ 69.96 £2.822 7244 +£0912 68.42 + 0.63P 91.35+0.102 92,12 £ 0.46°
Ceo (%) 75.11 72.76 76.66 73.78 87.24 92.68

Different letters in each row for each rice variety represent significantly different mean values (p < 0.05).
RDS = rapidly digestible starch, SDS = slowly digestible starch, TDS = total digestible starch, RS = resistant starch.

Meanwhile, the optimized PEF treatment clearly resulted in a reduction in rice grain
weight following the cooking process. Nevertheless, the cooking loss was approximately
1.47-2.38% lower than that of the frozen and thawed sample. San Pa Tong 1 rice treated
with the optimized PEF exhibited a higher cooking loss than Jasmine 105 rice (7.77 4= 0.15%
and 12.08 £ 0.98%, respectively), which was consistent with the water uptake ratio. The
size of the pores generated by each process may be the reason for the difference in cooking
loss between the PEF treatment and freeze-thawing. The PEF treatment generates tiny
pores, whereas the freeze-thawing process generates larger pores. Thus, the size of the
generated pores directly correlates with the cooking loss.

3.2.3. Retention of Vitamins B1 and B3

The quantities of vitamins B1 and B3 in the cooked rice samples are listed in Table 5.
The control sample of Jasmine 105 rice had the highest levels of vitamins Bl and B3,
measuring 176.70 £ 0.01 ug/100 g and 12.04 £ 0.00 nug/100 g, respectively. In contrast,
San Pa Tong 1 rice contained significantly lower amounts of these vitamins, with levels of
33.77 £ 0.12 ug/100 g and 3.04 £ 0.00 ug/100 g, respectively. The use of the optimized
PEF treatment and freeze-thawing techniques had a significant impact on vitamin Bl
retention in Jasmine 105 rice. One main reason why vitamin loss occurs could be the release
of water-soluble vitamins, especially vitamin B1, which is abundant in Jasmine 105 rice,
through the pores created through PEF treatment and freeze-thawing. Furthermore, a
variety of factors, such as pH, light, and heat, can degrade vitamin B1. On the other hand,
the investigated techniques slightly reduced the vitamin B1 content of San Pa Tong 1 rice,
which was significantly lower than that of Jasmine 105 rice. Moreover, the freeze-thawing
and optimized PEF treatments slightly changed the vitamin B3 level of the rice samples.
This is most likely the result of a very low initial level of vitamin B3; nevertheless, it is the
most stable water-soluble vitamin and is usually highly resistant to air, oxygen, acids, heat,
and light [42].
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As a result, the traditional cooking method (control) showed superior benefits in terms
of rice’s nutritional value, as it properly preserved vitamins Bl and B3 compared to the
other techniques assessed. Nevertheless, the application of PEF is more effective than the
commonly used freeze—thaw approach in creating quick-cooking rice.

3.3. The Effect of the PEF Treatment on In Vitro Digestibility
3.3.1. Starch Digestibility

The rapidly digestible starch (RDS), slowly digestible starch (SDS), total digestible starch
(TDS), resistant starch (RS), total starch content, and in vitro starch digestibility of Jasmine
105 and San Pa Tong 1 rice are summarized in Table 5. The total starch content of Jasmine
105 rice (control) was 14.81-21.07 g/100 g dry sample, including 14.78-21.03 g TDS/100 g dry
sample. PEF-treated Jasmine 105 rice had the lowest RDS content at 9.95 & 0.00 g/100 g dry
weight and the highest SDS content at 6.21 £ 0.24 g/100 g dry weight (p < 0.05). Furthermore,
the PEF-treated sample had the highest RS content (0.48 £ 0.01 g/100 g dry sample). The
total starch content in San Pa Tong 1 rice (control) was 15.06-19.96 g/100 g dry sample, with a
TDS content of 15.03-19.91 g/100 g dry sample. Frozen and thawed and PEF-treated samples
had no significant difference in the RDS content (p > 0.05). The RDS content of the samples
treated using both techniques exceeded that of the control sample. The open or significant
holes created by PEF and freeze-thawing could potentially expose the interior surface area of
the rice microstructures to enzymatic attack. Furthermore, improving mass transfer between
cells results in higher porosity on the cell surface. Enzymes can thus enter the cell and attach
to their substrate, thereby promoting hydrolytic digestion [43,44]. PEF treatment resulted in
increases in SDS and RS levels in San Pa Tong 1, with 3.60 4= 0.04 g/100 g dry sample and
0.04 + 0.01 g/100 g dry sample, respectively. As a result, the PEF treatment appeared to have
a positive effect on the amounts of RS and SDS in Jasmine 105 rice and San Pa Tong 1. Jasmine
105 rice’s rich amylose content, which undergoes starch retrogradation after heating—cooling
treatment, may also contribute to the increased RS content. This may result in a lower glycemic
index (GI), because foods raise blood sugar levels slowly. Therefore, the beneficial effects
of PEF treatment on blood glucose and insulin levels make quick-cooking Jasmine 105 rice
suitable for diabetic patients” diets. However, the starch digestibility of each starch is also
dependent on the ratio of amylose to amylopectin, the crystal structure of starch granules, the
grain size of rice grains, and the texture of rice grains [45-47].

3.3.2. Starch Digestibility Kinetics

With a longer digestion time—a0, 5, 20, 40, 60, 90, and 120 min—the amount of digested
starch increased in Jasmine 105 and San Pa Tong 1 rice, as shown in Figure 4. During small
intestinal digestion, the starch digestion curve of both varieties of rice was defined by an
initial fast rate followed by a slower rate that reached a plateau approximately 40 min later.
Each treatment of the Jasmine 105 quick-cooking rice produced basically no variations
(Figure 4). Jasmine 105 rice primarily contains a slightly branched and tightly helical
form of amylose, which is often more difficult to digest than amylopectin in San Pa Tong 1
rice [48,49]. In contrast, in San Pa Tong 1, the freeze-thawing and optimized PEF techniques
greatly accelerated the degree and rate of starch digestion (Figure 4). This is because the
open or large pores of the rice microstructure provide a significant internal surface area
accessible for enzyme activity. Enzymes can thus enter the cell to attach to their substrate,
enhancing hydrolytic digestion [43,44]. The first-order equation model was used to find the
kinetic constant (k) and equilibrium starch hydrolysis percentage (C) for each cooked rice
sample. These are presented in Table 5. Figure 4 shows the LOS model’s fit to the digestion
curves of San Pa Tong 1 and Jasmine 105. The starch digestibility of PEF-treated Jasmine
105 and San Pa Tong 1 rice was 72.44% =+ 0.91% and 92.12% =+ 0.46%, respectively, which
was 0.11-25.73% greater than that of the control sample, at 120 min (Cjp9). In PEF-treated
cooked rice, Co, and starch digestibility values were higher than those of untreated samples.
Particularly in glutinous San Pa Tong 1 rice, the PEF treatment clearly increased starch
digestibility more effectively than the freeze-thawing method.
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Figure 4. Starch digestion curves for Jasmine 105 (a) and San Pa Tong 1 (b). The single-phase
logarithm of slope (LOS) plots of the starch digestibility data for Jasmine 105 (c-e) and San Pa Tong 1
(f-h) rice under control, freeze-thawing, and optimized PEF treatments.
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3.3.3. Protein Digestibility

The in vitro protein digestibility of rice samples is reported in Table 5. The protein
digestibility of Jasmine 105 and San Pa Tong 1 rice samples was reported at 52.28 &+ 1.51%
and 15.18 £ 2.15%, respectively. Obviously, the samples treated with PEF reached their
maxima at 54.38 £ 2.36% and 36.92 + 3.44%, respectively, which were higher than those of
freeze-thawing-treated samples. These results were in agreement with our previous study
by Thongkong et al. [14]. The PEF treatment makes the rice bran protein in Kum Chao Mor
Chor 107 and Kum Doi Saket rice more digestible by changing the polypeptide chain’s
folded structure into an unfolded structure. Consequently, the substrate’s susceptibility
to the digestive enzymes during simulated in vitro gastrointestinal digestion appeared to
increase [50]. This results in an increase in the digestibility of protein. However, proteases
are specific to the type of amino acid and the structure of proteins found in raw materials,
making the rice species an additional factor to consider [51,52].

3.4. XRD Pattern and Relative Crystallinity

In general, Thai rice exhibits an A-type X-ray diffraction (XRD) pattern, character-
ized by main diffraction peaks at 15°, 17°, 18°, and 23° (20), as described by Kraithong
et al. [53]. After undergoing various pre-gelatinization processes, both Jasmine 105 and
San Pa Tong 1 lost this characteristic XRD pattern (Figure 5). For Jasmine 105, PEF-treated
Jasmine 105 displayed the lowest crystallinity. This is likely because the PEF treatment
can damage the crystalline structures of starch more extensively than freeze-thaw treat-
ment [54]. Conversely, the control process seemed to cause greater destruction of the
crystalline structure in San Pa Tong 1, while the PEF and freeze-thawing treatments might
help preserve or even promote the crystalline regions of the rice. The differences in how pre-
gelatinization processes affect rice crystallinity may be influenced by the inherent structure
and amylose—amylopectin content of the rice samples, which warrant further investigation.
Among all pre-gelatinization processes, the freeze-thawing treatment appeared to maintain
crystallinity in both rice varieties. This preservation of crystallinity may be due to the
freeze-thaw treatment promoting the reorganization of the amorphous regions within the
starch granules, as observed by Wang et al. [55] in their study of the effects of freeze-thaw
cycles on the physicochemical and functional properties of ginger starch.
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Figure 5. XRD patterns and crystallinity of rice samples (JC; Jasmine 105-control, JF; Jasmine 105-
frozen and thawed; JP; Jasmine 105-PEF, SC; San Pa Tong 1-control; SF; San Pa Tong 1-frozen and
thawed, and SP; San Pa Tong 1-PEF.
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4. Conclusions

This study employed a pulsed electric field (PEF) as an alternative technique to
produce quick-cooking rice. White rice treated with PEF required shorter processing and
cooking durations by approximately 8.7 times compared to those that underwent freeze—
thaw processing. Furthermore, the developed process improved rice’s physicochemical
properties, such as the water absorption capacity, while minimizing cooking losses and
maintaining essential vitamins. Furthermore, it improved the in vitro digestibility of
proteins and carbohydrates. The findings of this study might be helpful for promoting
another novel quick-cooking rice process that serves consumer preferences and the rice
industry’s sustainability.
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