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This study aims to examine the impact of microwave treatment, enzymatic hydrolysis, and microwave-
assisted enzymatic hydrolysis on the characteristics of porous rice starch. Microwave irradiation was
applied to rice starch at 171 W g~ for 15 s. Enzymatic hydrolysis was carried out using 100 U per g -
amylase and 100 U per g amyloglucosidase at 60 °C for 8 h in rice starch and 0.1 M CHzCOONa buffer
at pH 5.2. The results showed that among the samples, porous rice starch acquired by microwave-
assisted enzymatic hydrolysis (MES) showed an increase in pore structure, crystallinity, solubility, pasting
temperature, and adsorption ability, with oil and methylene blue uptake increased by 124.5 + 2.80-
158.45 + 5.40% and 35.72 + 3.66-53.67 + 1.77% (P < 0.05), respectively. Pasting properties analysis

indicates a significant decline in pasting, breakdown, final, and setback viscosity. Based on the findings of
Received 31st October 2025

Accepted 7th February 2026 crystallinity tests, all samples showed crystal type A. In accordance with mass balance calculations, the

mass of the incoming or outgoing materials of MES is 31.19 g, and the yield of MES obtained is 60.39 +
DOI: 10.1035/d5fb00805k 0.72%. This study established that compared with microwave or enzymatic treatment, the microwave-

rsc.li/susfoodtech initiated enzymatic method has great potential and novelty in porous rice starch production.

Sustainable spotlight

This study encourages sustainable food innovation by exploring novel approaches in porous rice starch preparation. Microwave assisted enzymatic hydrolysis
was evaluated as an efficient and rapid method with great potential for the preparation of porous starch. This approach reduces processing time and solvent, and
enhances the structural, physicochemical, functional, and pasting properties of porous rice starch, making it a potential flavoring agent, absorbent, carrier for
volatile compounds, and encapsulant for delicate components such as probiotics, vitamins, and oils in food products and packaging. This promotes the
integration of natural bioactive compounds into sustainable food systems.

to an irregular honeycomb, while Belingheri et al.* described PS as
an adsorbent sponge matrix, with numerous pores distributed on

1 Introduction

Porous materials are economical and safe adsorbent matrices that
have been extensively used in the food, medicinal, and environ-
mental sectors." This is due to their advantages, namely high
adsorption capacity and slow release of active substances. Porous
matrices applied in the food industry not only focus on high
adsorption capacity and protection of bioactive components, but
also require safe, biodegradable, and low-cost characteristics.”
Xiao et al.* analogized the physical properties of porous starch (PS)
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the surface and extending into the core.”

PS is produced from various commodities such as rice,?
corn,® arrowroot,” and canna.? Different starch sources will
produce different characteristics and morphology of PS.” One of
the main producers of rice worldwide is Indonesia. The Inter-
national Rice Research Institute estimates that Indonesia
produced 70 million metric tons of milled rice.'® Rice starch has
been widely used in noodles,’* encapsulants,” and fat
replacers.”® However, rice starch also has various drawbacks,
such as the amylose fraction, which causes heterogeneity and
increases retrogradation. Therefore, it requires being trans-
formed into PS to improve its structural, physicochemical,
absorption capacity, and pasting properties. Porous particles
have provided significant benefits as carriers of tomato flavour,*
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for the encapsulation of red palm oil,"* and curcumin,* active
packaging capable of slowly releasing tea polyphenols,*® and
even effluent purification.”” These bioactive components are
encapsulated in porous starch through absorption or binding
mechanisms."®

PS can be derived physically, chemically, enzymatically, and
through a combination of treatments. Chemical treatments are
often less recommended for use in the food industry. Organic
solvents in solvent exchange methods can reduce the stability
and increase the toxicity of porous starch, as well as increase
production costs.”> The most commonly used method is enzy-
matic treatment because it is safe, has a mild reaction, produces
specific products, and produces minimal by-products. However,
enzymatic treatment sometimes results in pore collapse and is
time-consuming, so it needs to be combined with other
methods. The enzyme alpha-amylase cleaves al,4-glycosidic
bonds and creates oligosaccharides, which will prevent addi-
tional hydrolysis.® Amyloglucosidase is an exo-enzyme that
cleaves 1,4 and a1,6 bonds from the non-reducing end of the
starch chain and produces glucose.®

The physical approach in PS production can cause changes
in its structure and morphology.” Chen et al.' stated that
extrusion, ultrasonication, and microwave irradiation are
physical techniques commonly used in PS production. To ach-
ieve optimal physicochemical and functional properties, PS
development is carried out with a combination of physical and
biological techniques. The H,O and oil absorbency of porous
corn starch obtained through the freeze-thaw method and
enzymatic hydrolysis increased by 99.89% and 44.83%,
respectively.”® There is an enhancement of the structure and
absorptive ability of PS obtained through the combination of
enzymatic methods with extrusion,* and the combination of
high-speed shear with enzymatic methods.?

Various methods can be used to optimize the absorption
performance of porous starch, but they usually require long
time, high cost, and complex processes. Therefore, a simple and
rapid method that can improve the performance is needed, and
currently not much attention has been paid. Microwave-assisted
double enzymatic hydrolysis is considered an efficient tech-
nique for developing PS with good physicochemical and struc-
tural properties.

Molecular manipulation and modification techniques can be
enhanced by microwaves.”” Furthermore, its advantages include
a fast, simple, and easy operation. Jiang et al** reported that
double enzymatic hydrolysis, preceded by microwave heating,
resulted in significant increases in water and oil absorption,
solubility, crystallinity, and pore surface area. Microwaves
provide attachment points for enzyme molecules, making it
easier for enzymes to break down starch bonds during the
hydrolysis process. Jiang et al.>* and Su et al.*® have reported the
structural and physicochemical properties of PS using the
microwave-assisted enzymatic hydrolysis, but previous studies
have not investigated the yield, mass balance, color, amylose
content, methylene blue adsorption capacity, and pasting prop-
erties of PS. Subsequently, this research not only provides
information on the physicochemical, morphological, and func-
tional characteristics, but also analyzes its production efficiency
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through mass balance and yield, and also indicates its stability
against retro-gradation by examining the pasting properties of
starch. This highlights exciting prospects for porous starch as
a high-performance food additive, particularly as an encapsulant
for food active substances or active food packaging. This study
also used local Indonesian rice with an amylose content of
28.58%, which has not been previously utilized. Therefore, these
seven aspects represent the novelty of this research.

This work aims to assess the impact of the microwave
process, double enzymatic hydrolysis, and combination
methods on the structural, physicochemical, absorbency
performance, mass balance, yield, and pasting properties of PS
as an academic reference for the application of PS in the food,
pharmaceutical, or environmental industries.

2 Experimental section
2.1 Materials

The local rice was procured from Toko Tani Berkah Nandur,
Surakarta, Central Java, Indonesia. The amylose amount of the
rice starch extracted is 28.58%. a-Amylase (AA) from Bacillus
3700 U g~' and amyloglucosidase (AMG) 10000 U g~ were
supplied by Beijing Solarbio, China. All chemicals (acetic acid,
sodium acetate, NaOH, etc.) were of analytical standard.

2.2 Starch extraction

Rice starch (RS) was prepared via distilled H,O extraction of
a 1:2 (w/v) method with slight modification.* Rice was soaked
with H,O of 1: 2 (x/v) for 24 h. The rice was cleansed, crushed in
a blender for 1 min, placed in a 100-mesh sieve, and divided at
1410xg for 15 min. The pellet was evaporated in an oven
(Memmert) overnight at 50 °C, pulverized, and placed using
a 100-mesh sieve to acquire RS.

2.3 Microwave treatment

The starch was heated with microwaves derived from the approach
of Maharani et al.*® with little adjustments. 5 g of the sample was
blended with 20 mL of 0.1 M CH3;COONa buffer at pH 5.2. The
slurry was put in a microwave oven (Electrolux, Sweden, 220 V,
800 W, 2450 MHz) at 171 W g~ for 15 s. The blend was evaporated
in an oven (Memmert) at 50 °C for 20 h, then pulverized in size and
sieved using a 100-mesh screen. The microwave treatment and
native starch were named as MS and NS, respectively.

2.4 Enzymatic hydrolysis technique

The enzymatic process was conducted using the formula of
Witasari et al.® with slight adjustments. RS (5 g) was incorporated
in 20 mL of 0.1 M CH3COONa buffer at pH 5.2. The dispersion
was shaken on 80 rpm at 60 °C for 10 min. AA 100 U g~ and AMG
(100 U g~ ") were incorporated into the solution, and processed at
80 rpm for 8 h at 60 °C. To deactivate the enzymes, 6 mL of 96%
ethanol was mixed immediately. The suspension was separated
at 1410xg for 10 min. The pellet was evaporated at 50 °C for 20 h,
pulverized, and filtered using a 100-mesh screen. The enzymati-
cally hydrolyzed PS was named ES.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.5 Combined treatment of microwave and enzymatic
hydrolysis

The microwave-assisted enzymatic procedure was adopted from
Jiang et al. with adjustments.” RS (5 g) was dispersed in 20 mL
of 0.1 M CH3;COONa buffer at pH 5.2, then processed in
a microwave for 15 s at 171 W g~ *. Then, to the sample was
added AA 100 U g~" and AMG 100 U g™, and conditioned at
80 rpm for 8 h at 60 °C in a shaker. The enzymatic hydrolysis
was ended immediately by incorporating 6 mL of 96% ethanol.
The slurry was spun off at 1410xg for 10 min. The pellet was
evaporated at 50 °C for 20 h, crushed, and screened via a 100-
mesh sieve. The PS obtained was named MES.

2.6 Morphological features

The structure of starches was measured via scanning electron
microscopy (JEOL JSM 6510, Japan) at 5 kV following the
procedure of Han et al.*® The sample was coated with Au and
obtained at 5000x and 10 000x magnifications.

2.7 Crystallinity assay

Using X-ray diffraction (Bruker AXS, USA), the crystalline feature
of rice PS was identified following the Witasari et al.® procedure.
The diffraction area was processed at 5-80° at 25 mA and 40 kV.

2.8 FTIR spectroscopy

FTIR (Thermo Scientific Nicolet iS10, USA) was utilized to evaluate
the functional groups of starches. The instrument was equipped
with a Deuterated Tri Glycine Sulfate (DTGS) detector and Smart
Omni Transmission accessory, operated in the 4000-400 cm *
range, with 50 scans for every sample, and a 4 cm ™" resolution.

2.9 Amylose content (AC)

0.1 g of native and rice PS was incorporated into 1 mL of 96%
ethanol and 9 mL of NaOH in a 50 mL erlenmeyer flask. The
mixture was placed at 100 °C for 10 min, kept for cooling, and
added to 100 mL of distilled water. 5 mL of the liquid was
blended with 1 mL of 1 N CH3;COOH and 2 mL of 0.2% iodine,
then made up to a total volume of 100 mL with H,O. Absorbance
was determined after 20 min with a UV-vis spectrophotometer
(Genesys, Thermo Fisher Scientific, UK) at 590 nm. The curve
standard used is y = 22.65x + 0.0008, R* = 0.9999, where x is the
concentration (mg mL ") and y is the absorbance. The AC of the
PS was measured by using formula (1):

AC = {[sample concentration x sample volume
x dilution factor]/sample weight} x 100% (1)

2.10 Color analysis

Color testing of native and PS was carried out using a chroma-
meter (Konica Minolta CR410, Japan). The chromameter was
configured with the L* (lightness), a* (red-green), and
b* (yellow-blue) systems, illuminant D65, observer angle of 2°,
aperture size of 5.0 mm, and a closed cone. The chromameter
was calibrated using a standard white tile before the analysis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Native and porous starch samples were placed in a plate, and
then the L*, a*, and b* values were measured in triplicate.

2.11 Swelling power and solubility

Swelling power (SP) or solubility (S) tests was performed via the
approach by Han et al.*® with few alterations. 10 mL of H,O was
blended with 5 g of sample. The solution was treated at 85 °C for
30 min. The dispersion was separated at 1410xg for 15 min. The
supernatant was placed in an oven overnight to obtain S (formula
(2))- The pellet was used to measure SP, using formula (2):

SP (%) = the pellet weight/(the sample weight x [l — S]) (2)

the dried supernatant
the sample weight

S(%) = ( ) % 100% 3)

2.12 Mass balance and yield

Mass balance measurement refers to Vergara-Mendoza et al.””
with slight modifications. Mass balance and yield were
measured for the PS produced by microwave treatment (MS),
enzymatic hydrolysis (ES), and a combination of microwave
treatment-assisted enzymatic hydrolysis (MES). For the MS, the
mass balance process was carried out by weighing the input and
output materials at each stage of microwave heating, drying,
and sieving. For the ES, the mass balance test was measured by
weighing the input and output materials at each stage of
enzymatic hydrolysis, centrifugation, drying, and sieving.
Meanwhile, for the MES, the test was conducted by weighing the
input and output materials at each stage of microwave heating,
enzymatic hydrolysis, centrifugation, drying, and sieving. As for
yield evaluation, refer to Witasari et al.® Yield is calculated by
comparing the final product with the starting materials used,
using formula (4).

Yield (%) = Wi/ W, x 100% (4)

where W, is starch product weight (g) and W, is the starch
sample weight (g).

2.13 Absorptive capacity of water and palm oil

The absorbency ability was tested referring to the technique by
Han et al.*® 5 g of PS was incorporated into 8 mL of water or oil.
Next the sample was left to stand for 30 min. The dispersion was
separated at 1410xg for 15 min to obtain the sediment. The
absorbency of water or oil can be quantified using formula (5):

Absorption capacity(%o)
sediment weight — sample weight

= 100% (5
sample weight % % 5)

2.14 Methylene blue absorbency

The ability to absorb methylene blue (MB) was assessed using
an approach defined by Witasari et al.® 0.025 g of rice starch was
mixed with 11 mL of 0.01 mg per mL MB. The solution was
subjected to stirring for 5 h, after which it was subjected to

Sustainable Food Technol., 2026, 4, 3227-3238 | 3229
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separation at 1410xg for 5 min. The measurement of the
absorbance of the supernatant was conducted at 665 nm. The
standard curve used isy = 190.8x — 0.0177, with R> = 0.998, and
y and x indicate absorbance and concentration (mg mL %),
respectively. The absorbency of MB was measured using
formula (6):

MBAC (%) = ([Co — C1)/Co) x 100% (6)

where C, = initial MB concentration and C, = final MB
concentration.

2.15 Pasting characteristics

Sample pasting characteristics were tested using a Rapid Visco
Analyzer (RVA 4500, Perten Instruments). The starch was mixed
with H,0. The moisture value of the samples was identified. The
shaking speed was set at 960 and 160 rpm for 20 and 50 s,
respectively. The sample was placed at 50-95 °C at a heating rate
of 5.2°C min~*. The sample was conditioned at 95 °C for 5 min,
then allowed to cool to 50 °C for 2 min.

2.16 Experimental design and statistical analysis

At least three runs of the sample were conducted. The mean +
standard deviation was used to display the data. Analysis of
variance (ANOVA) with Duncan or Kruskal-Wallis assessment
support was implemented for analyzing the data using the SPSS
program (version 25, IBM).

3 Results and discussion
3.1 Structural properties

The morphology of starch is shown in Fig. 1. NS (Fig. 1a and b)
exhibits a polygonal form with a soft appearance. Modified
starch (Fig. 1c and d) exhibits micrographs of granules with few
cracks and slight indentations. Microwaves produce few cracks
and few uneven pores in the MS granules. The phenomenon of
starch granules vibrating at high frequency in the presence of
a microwave is attributable to the constant alteration of (+) and
(=) polarities within the alternating electromagnetic field.
Consequently, microwave energy is transformed into thermal
energy within the starch. Thermal energy may accumulate
inside granules as a result of a mechanism of loss of heat at
their surface. At the same time, the water content in the starch
granules can evaporate rapidly, creating high internal pressure
within the granules. It is known that, under high pressure
conditions, starch granules undergo a swelling and rupture
process, which leads to the formation of pores.*

ES exhibits polyhedral micrographs with more pores than
MS (Fig. 1e and f). Variations in pore shapes, produced by
enzymatic hydrolysis, include pinholes, sponge-like erosion,
medium-sized pores, and internal and external corrosion.”®
Initially, the enzyme hydrolyzes the starch in amorphous and
irregular regions. Next, the enzyme hydrolyzes the non-reducing
ends of the starch unit chains, which in turn causes the crys-
talline regions to hydrolyze. The starch becomes porous,
forming a hollow internal structure.

3230 | Sustainable Food Technol, 2026, 4, 3227-3238
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Fig. 1 SEM of starches at x5000 (left) and x10 000 (right) magnifi-
cations. (a and b) Native starch (NS), (c and d) microwave-treated
starch (MS), (e and f) enzymatically hydrolysed porous starch (ES),
(g and h) combined microwave and enzymatic hydrolysis treatment of
porous starch (MES).

The enzyme a-amylase (AA) cleaves the al,4-glucosidic
bonds in the interior of the polysaccharide chain. AA will more
easily reach the interior of the granule during starch swelling.
The internal cleavage of the a-amylase enzyme will form new
non-reducing ends that can be processed by saccharifying
enzymes. The enzyme amyloglucosidase (AMG) cleaves the «1,4-
and al,6-glucosidic bonds of the non-reducing ends of the
starch chain, creating sharp and deep pores.” Therefore, it is
proposed that the main explanation for the different surface
pore patterns is the difference in the response patterns in the
granules between these enzymes. In addition, the impacts of
these two enzymes on PS can broaden its applications and offer
an analytical basis for its preparation. Table 1 shows that the
pore diameter of ES is larger than that of NS and MS. When
compared with native arrowroot starch, arrowroot PS hydro-
lyzed by AA and AMG showed much larger pore sizes.”

MES showed more pores, deeper pores, and denser pores
than the other samples (Table 1). These pores were deeper and
smaller than those in MS, and larger than those in ES (Fig. 1g
and h). This indicates that MES has larger pores, a greater
ability to hold the coated material more stably in the pores, and
a high absorption capacity. Microwave irradiation can increase
the rate of molecular alteration processes.?> Microwaves provide
binding sites for enzyme molecules, thus facilitating enzyme

© 2026 The Author(s). Published by the Royal Society of Chemistry
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access during enzymatic starch breakdown. As a result, enzy-
matic hydrolysis occurs more extensively, resulting in MES
having a larger number of pores and denser pores.

3.2 Crystallinity determination

The amorphous and crystalline characteristics of starch were
determined through XRD analysis. Fig. 2 shows clear diffraction
peaks of NS at 20 =15.16°,17.08°,17.97°, and 23.12°, indicating
an A-type diffraction pattern. The weakest peak at 19.98° indi-
cates the interaction between amylose and lipids after the
hydrothermal procedure.** The modified starch presented
a typical A-type XRD trend, implying that this treatment did not
disrupt the crystallization of starch. Table 1 presents a slight
increase in relative crystallinity (RC) for MS, ES, and MES
compared to NS. MS showed a slight increase in crystallinity,
which is comparable to the evaluation of Zhang et al.**

However, the results differ from those of Yang et al.*> who
reported that waxy corn starch processed with microwave irra-
diation at 160 W g ' for 5, 10, and 15 min experienced
a decrease in crystallinity from 19.58% to 10.47%, 6.42%, and
2.91%, respectively. This phenomenon is likely due to the fact
that, in this study, the application of microwave treatment at
171 W g~ for 15 s probably did not produce sufficient alteration
of the branched chain structure of starch. This difference in
XRD data may be caused by variations in heating duration and
starch moisture content.*

ES exhibits an increased proportion of crystalline area. This
is because the amorphous area undergoes enzymatic hydrolysis,
which can increase the percentage of crystalline area.** The
relatively higher crystallinity of MES compared to NS is likely
due to the involvement of microwaves in facilitating conditions
conducive to enzyme particles penetrating the granules.”® This
is likely due to the thermal effect of microwaves causing particle
expansion® and generating forces that can damage the amor-
phous area.

The R1047/1022 value for PS presented in Table 1 indicates
a more regular percentage of crystallinity compared to the
amorphous area in NS.** The higher the ratio value of 1047/
1022, the higher the crystallinity and the higher the propor-
tion of short-range ordered structures. The R1047/1022 values
for ES and MES are greater than for NS, meaning the enzymatic
process produces starch with high short-range order. This is
related to the study by Zhang et al.,** which found that the
enzymatic process occurs in the amorphous zones of starch,
leading to a reduction in the amorphous area and an increase in

View Article Online
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Fig. 2 The XRD of native starch (NS), microwave-treated starch (MS),
enzymatically hydrolysed porous starch (ES), combined microwave
and enzymatic hydrolysis treatment of porous starch (MES).

the short-range order of starch. The relative crystallinity pattern
obtained is in accordance with the FTIR result.

3.3 FTIR spectroscopy

The functional groups of the starches were determined using
FTIR. Fig. 3 presents the absorbance peaks in the range 3200-
3400 ecm ™" for starch, indicating the stretching of polymeric -
OH groups.® The absorbance at 2928 cm ™" detects the existence
of methyl (-CH;) and methylene (=CH,) groups in the poly-
saccharide, which enhances the starch's lipophilicity.>® The
absorbance at 1640 cm ™ is attributed to the bending vibration
of the O-H bond in H,O trapped within the amorphous
portions of starch.*® The peak intensity of NS at 3405.33 cm ™ *
wave number was 36.873, while the peak intensities of MS, ES,
and MES were 30.13, 30.176, and 30.755, respectively. Mean-
while, the peak intensities of NS, MS, ES, and MES at
2928.46 cm ™! were 70.206, 67.701, 69, and 72.562, respectively.
The decrease in intensity at the wave number of 3385 cm™*
indicates a reduction in hydrophilic groups, and the increase in
the absorption peak at the wave number 2930 cm ™" indicates
that the starch modified by microwave treatment followed by
enzymatic hydrolysis is lipophilic, thus increasing the oil
absorption capacity.

Table 1 Pore diameter, relative crystallinity, and ratios of IR for starches®

Sample Pore diameter (um) Relative crystallinity (%) 1047/1022 cm ™! 1022/995 cm ™!
NS N/A 10.2 1.41 0.38
MS N/A 11.8 1.60 0.30
ES 0.606 12.8 1.56 0.29
MES 0.664 11.9 1.58 0.30

¢ Native starch (NS), microwave treatment starch (MS), enzymatically hydrolysed porous starch (ES), combined microwave and enzymatic hydrolysis

treatment of porous starch (MES).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The FTIR of native starch (NS), microwave-treated starch (MS),
enzymatically hydrolysed porous starch (ES), and combined micro-
wave and enzymatic hydrolysis treatment of porous starch (MES).

The peak in the IR spectra’s 800-1200 cm ' area can be

utilized to examine the crystalline composition and short-range
organization of starch. Short-range order serves as an indicator
of the atomic-scale chemical distributions inside a specific
crystal system. This indicates a repeating pattern with minimal
interatomic distance, frequently detected in amorphous areas.?”
The ratio of 1047/1022 cm ™" (R1047/1022) signifies the crystal-
linity, while the diminished R1022/995 cm™' denotes the
enhanced order of the double-helical form of starches, as
illustrated in Table 1.%®

The absorbance R1047/1022 indicates the presence of a more
ordered crystalline percentage compared to the amorphous
areas in the starch.*® The 1047/1022 ratio values obtained in this
study for PS increased in contrast to the NS, with values of 1.40,
1.60, 1.56, and 1.58 for NS, MS, ES, and MES, respectively. The
better the R1047/1022 value, the higher the proportion of short-
range ordered structures or the higher the crystallinity. The
R1047/1022 values are presented in Table 1. The R1047/1022
value for ES is larger than NS, meaning the enzymatic process
produces starch with high short-range order. This is related to
the investigation of Zhang et al.* which found that the enzy-
matic process occurs in the amorphous zones of starch, leading
to a reduction in amorphous area and an improvement in the
short-range order of the starch. Amorphous regions are easily
hydrolyzed by the enzymes AA and AMG.***® In MES, the R1047/
1022 value was 1.58 times higher than in ES. This is likely
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because microwaves can increase AA and AMG exposure to the
amorphous areas of starch, thereby enhancing the degree of
enzymatic hydrolysis. This is consistent with enzymatically
hydrolyzed porous corn starch preceded by microwave treat-
ment, which has a higher R1047/1022 value than NS.>* The
obtained XRD values are in concordance with these results.

The 1022/995 cm ™! ratios for NS, MS, ES, and MES are 0.38,
0.30, 0.29, and 0.30, respectively. The implication of the
microwave-aided enzymatic process on the double helix form
within the starch is examined using the absorbance R1022/
995 cm ™. A greater level of order among the particles can be
determined by a smaller ratio. When compared to NS, the
R1022/995 cm ™ for MS, ES, and MES declined, confirming that
the double helix form of starch is not disrupted by either
microwaves or enzymatic hydrolysis.

3.4 Physicochemical properties and mass balance

Microwave treatment, enzymatic hydrolysis, and their combi-
nation will result in different porous starch colors (Table 2).
MES significantly reduced the lightness (L) and increased the
redness (a) and yellowness (b) of PS. This is similar to what
happened to porous arrowroot starch, which experienced
a4.8% decrease in brightness.” The decrease in L value occurred
in ES and MES because it was influenced by the color of the
materials used, particularly the brown AA enzyme and the black
AMG enzyme. The a and b values tended to improve after
modification resulting in a redness and yellowish color of MS,
ES, and MES. This is as stated by Wang et al.*® that the color of
the packaging film made from polyvinyl alcohol and cinnamon
essential oil-loaded microporous starch will be influenced by
the color of the materials used.

Microwave irradiation induces the transformation of starch
from an ordered to a disordered structure; meanwhile, the
thermal and non-thermal effects of microwaves have various
impacts on starch morphology. The quick heating influence
compacts the double helix configuration of amylopectin within
the crystalline region, thereby distorting the amorphous region.
Conversely, the non-thermal impact protects the amorphous
region from disruption caused by rapid heating by inducing
a change in the irregular lamellar shape.** The amount of
amylose did not differ significantly between MS and ES,
compared to NS, as shown in Table 2. This is likely because the
short time (15 s) did not cause damage to the amylopectin. This
finding contradicts studies on waxy starch heated in micro-
waves for 3, 5, and 7 min, which showed an increase in amylose

Table 2 Color, amylose value, swelling power, solubility, and yield of the starches®

Sample  L* a* b* Amylose content (%)  Swelling power (g g ')  Solubility (%)  Yield (%)

NS 97.06 £ 0.41° 022 +0.07%  2.82 £0.26°  28.58 + 0.43° 5.87 + 0.159 1.01 £ 0.43*  N/A

MS 96.91 + 0.25°  0.28 +0.05°  3.94 +£0.16° 28.87 +£1.32 % 4.99 + 0.05° 3.81 4+ 0.32°  84.87 4+ 1.76°
ES 94.02 £ 0.19°  0.87 £ 0.04°  4.48 £0.10° 27.53 £1.04 % 5.81 + 0.08° 9.86 + 0.97°  68.83 + 0.19°
MES 94.04 + 0.23°  0.83 £ 0.05°  4.44 + 0.22°  27.42 £ 0.50° 5.70 £ 0.16° 12.62 + 2.78°  60.39 £ 0.72°

¢ Native starch (NS), microwave-treated starch (MS), enzymatically hydrolysed porous starch (ES), combined microwave and enzymatic hydrolysis
treatment of porous starch (MES). Lightness (L*), red-green (a*), and yellow-blue (b*). Diverse letters in the column denote significant differences

(P < 0.05).
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by 6.01% to 128.19%. Microwave-treated granules interact with
H, bonding forces in busil (Xanthosoma sagittifolium) starch
granules, facilitating the degradation of amylopectin chains
and producing linear amylose chains.**

Microwave-assisted enzymatic hydrolysis using AA and AMG
reduced the amylose content in MES (Table 1). Amylose in arrow-
root and canna starches also decreased due to enzymatic hydrolysis
using AA and AMG.”® This decrease occurred because AA and AMG
tend to hydrolyze the amorphous part of starch, which lowers
amylose levels.* Jiang et al.” reported that microwaves play a role
in providing attachment points that enzymes later use to hydrolyze
starch. This creates a synergy between microwaves and enzymatic
hydrolysis, resulting in a decrease in amylose.

MS, ES, and MES showed a significant decrease in swelling
power (SP). Microwave heating damages amylopectin, leading
to a decrease in its SP.** The type of enzyme significantly
influences the SP of starch. AMG and AA produced the highest
and lowest SP, respectively. AMG induces the rearrangement of
starch chains, thereby increasing structural complexity; as
a result, the granular structure of starch becomes stronger, and
its water-binding capacity increases.*® Meanwhile, SEM studies
generally confirm that the development of hollow structures
after enzymatic modification is associated with a decrease in SP.
These structures weaken the starch granule structure. Alterna-
tively, a surface with increased hydrophobicity was created on
the inner walls of the needle holes, which minimized water
binding* caused by AA breaking o-(1,4) bonds, resulting in
dextrins, which have a lower SP during gelatinization.**

Solubility (S) is a parameter that reflects how effectively starch
dissolves in water or other solvents, and is closely related to the
structure of PS. High solubility indicates increased pore forma-
tion.”® The power of starch suspensions to absorb H,O during
gelatinization and retain H,O during centrifugation is measured
by swelling power (SP). The binding process between starch and
H,O can be determined through S and SP.** Compared with NS,
solubility showed a significant improvement in MS, ES, and MES
(Table 2). This finding is similar to that of adlay starch treated
with microwave heating for 3 and 6 min, which showed increases
of 28.94% and 45.59%, respectively.*®

The heating process can increase the solubility of MS. The H,
bonds in the branched chains of amylose and amylopectin
rupture, making it simpler for the H, bonds of H,O to combine
with the -OH groups of amylose, thereby increasing the solu-
bility of MS.***” High temperatures cause de-polymerization of
starch molecules, converting amylose into simpler, more water-
soluble linear chains.*

The high solubility in ES and MES is due to enzymatic
hydrolysis, which induces the appearance of larger and deeper
pores. The porous morphology provides sufficient access for
H,0 molecules to release solutes from the starch granules, thus
increasing the solubility of ES and MES. MES has the highest
solubility, confirming that microwave treatment followed by
enzymatic hydrolysis results in more PS structure. This is
similar to porous corn starch treated with microwaves and
enzymatic hydrolysis, resulting in an 80.84% increase in solu-
bility.”® In ES, there is a significant increase in solubility because
AM carries out endo- and exo-corrosion processes that create

© 2026 The Author(s). Published by the Royal Society of Chemistry
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tiny starch components from the soluble starch.** AM damages
amylopectin and induces glucose outside the molecule, causing
starch chain rearrangement.

The amount of PS produced from microwave treatment,
enzymatic hydrolysis, and their combination is shown through
percentage yield (Table 2). The yields obtained at MS, ES, and
MES are 84.87 + 1.76%, 68.83 £+ 0.19%, and 60.39 + 0.72%,
respectively (Table 2). ES and MES showed lower yields
compared to MS. This is because AA and GA enzymes attack the
amorphous areas,” thus reducing amylose and yield. At high
concentrations, AA can partially attack both amorphous and
crystalline areas, leading to the formation of additional pores
and making the granules more easily damaged.®? MES has the
lowest yield due to the preliminary treatment with microwaves,
which provides attachment points that facilitate enzyme mole-
cules in hydrolyzing starch,*** thus further reducing the yield.
MS has the highestyield compared to ES and MES because there
is no enzyme to hydrolyze the starch.

Mass balance is analyzed by determining the incoming and
outgoing materials flow in the system.>” Therefore, the mass
entering the system must equal the mass exiting the system.
Fig. 4 shows the mass balance of PS production according to (a)
microwave treatment (MS), (b) enzymatic hydrolysis (ES), and
(c) microwave followed by enzymatic hydrolysis (MES). In MS,
the process stages are microwave heating, drying, grinding, and
sieving. In the microwave process, the input used is 25 g, con-
sisting of 5 g of rice starch and 20 mL of acetate buffer, while the
mass of product obtained is 21.49 g. The output lost is gelati-
nized starch. Next, drying was carried out, resulting in 4.45 g of
PS. The subsequent processes were grinding and sieving. After
sieving, the final product of MS was 4.24 g. The amount of input
or output materials was the same at 25 g.

The preparation of ES begins with enzymatic hydrolysis,
centrifugation, drying, grinding, and sieving of starch. Enzy-
matic hydrolysis used an input of 31.29 g, consisting of 5 g rice
starch, 20 mL acetate buffer, 0.1351 g AA, 0.05 g AMG, and 6 mL
ethanol used to stop the enzymatic hydrolysis. The AA and AMG
break down starch molecules into glucose, with the glucose
being included in the supernatant. The stages of this process
are almost the same as the research on bioethanol production
from petai peel (Parkia speciosa) using a-amylase and glucoa-
mylase.”® The 7.30 g of precipitate was then dried, yielding
3.65 g with a moisture loss during drying of 3.65 g. Grinding and
sieving were performed, resulting in a ES of 3.44 g. The total
input and output of materials were both 31.29 g.

The production of MES was carried out similar to the prep-
aration of ES, but it begins with microwave heating first. 5 g of
rice starch and 20 mL of acetate buffer were subjected to
microwave treatment, resulting in a yield of 22.4 g and gelati-
nized starch content of 2.56 g. The gelatinized starch produced
at MES was less than that produced during the MS stage due to
the difference in containers used. In MS, Petri dishes are used
during the microwave process, so the heat received can directly
reach the material, and the process of collecting gelatinized
starch is also easier and more optimal. In MES, during the
microwave process, the sample is placed in an Erlenmeyer flask
to facilitate the next step, enzymatic hydrolysis. However, using

Sustainable Food Technol.,, 2026, 4, 3227-3238 | 3233
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Fig. 4 Mass balance of (a) microwave-treated starch (MS), (b) enzymatically hydrolysed porous starch (ES), and (c) combined microwave and

enzymatic hydrolysis treatment of porous starch (MES).

an Erlenmeyer flask may result in less microwave heat being
received and/or make it more difficult to collect gelatinized
starch compared to using Petri dishes. Next, enzymatic hydro-
lysis and centrifugation were performed, resulting in a precipi-
tate of 6.74 g and a supernatant of 21.89 g. The precipitate
produced at this stage was less than that obtained in the
production of ES because the weight of the starch had decreased
due to the microwave heating. Then drying was carried out,
resulting in a product of 3.19 g and evaporated water content of
3.55 g, which is almost the same as the drying water content at
the ES stage. In the final stage, grinding and sieving were per-
formed, yielding 3.02 g of MES and 0.17 g of sieving residue. The
total amount of incoming or outgoing materials is 31.19 g. From
these methods of making PS, the final products MS, ES, and
MES were obtained in amounts of 4.24 g, 3.44 g, and 3.02 g,
respectively, and their percentage yields are shown in Table 2.

3.5 Adsorption capacity

Microwave, enzymatic, and combination techniques showed an
improvement in oil absorption capacity (OAC) and methylene
blue absorption capacity (MBAC) and decline in water absorp-
tion capacity (WAC) in MS, ES, and MES (Fig. 5). The OAC values
for NS, MS, ES, and MES are 124.50 =+ 2.80%, 147.41 + 5.30%,
155.15 £ 3.35%, and 158.45 £ 5.40%, respectively. Meanwhile,
the MBAC values for NS, MS, ES, and MES are 35.72 + 3.66%,
36.82 + 1.61%, 53.24 £+ 1.56%, and 53.67 + 1.77%, respectively.
These findings are identical to the study of Witasari et al.®* on
porous edible canna starch resulting from enzymatic hydrolysis
of AA and AMG with a ratio of 150:75, which showed higher
levels in OAC and MBAC, and a decline in WAC. OAC increased
due to an increase in methylene groups (-CH,) in FTIR, indi-
cating that porous starch is lipophilic.?*** AA and AMG enzymes

3234 | Sustainable Food Technol., 2026, 4, 3227-3238

facilitate oil penetration into the deep and wide pores of the
starch. Hydrolysis using AA and AMG on wheat and corn starch
resulted in an increase in OAC of 90.67% and 90.15%, respec-
tively.>* Porous corn starch produced by microwave-initiated
enzymatic hydrolysis also experienced an increase.” The WAC
values for NS, MS, ES, and MES are 96.92 + 2.56%, 91.49 +
2.53%, 89.94 =+ 3.34%, and 85.85 *+ 1.77%, respectively. The
WAC decreased due to the reduction of hydroxyl groups in PS, as
shown in the FTIR results. The hydrophilic properties of PS are

c
&
b d +
T
a
T
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100 S b b a
80 b
b
o a a I ofs
40 T I
20
0 || || [ ||
NS MS ES MES

B Water adsorption (%)

Adsorption capacities (%)

H Oil adsorption (%)

1 Methylene blue adsorption (%)

Fig. 5 The water, oil, and methylene blue absorbency of native starch
(NS), microwave-treated starch (MS), enzymatically hydrolysed porous
starch (ES), and combined microwave and enzymatic hydrolysis
treatment of porous starch (MES). Diverse letters in the diagram
illustrate significant differences (P < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00805k

Open Access Article. Published on 30 March 2026. Downloaded on 6/26/2026 5:31:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
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Sample PT (°C) PV (cP) BV (cP) FV (cP) SV (cP)

NS 79.27 £ 0.21% 4557.33 + 66.61° 3228.33 + 105.45¢ 2779.33 + 9.87° 1450.33 =+ 34.03°
MS 81.92 + 0.35° 3822.33 + 165.18" 2175.67 + 134.81° 3303.67 + 83.94¢ 1657 =+ 54.03°
ES 82.58 + 0.20¢ 2274.33 + 63.96° 1954.67 + 45.18° 522.33 + 36.30° 202.67 + 10.69%
MES 82.42 + 0.33° 2077.67 + 90.36° 1852.67 + 45.72° 379.67 + 71.68% 154.67 + 27.79%

¢ Native starch (NS), microwave-treated starch (MS), enzymatically hydrolysed porous starch (ES), combined microwave and enzymatic hydrolysis
treatment of porous starch (MES). Pasting temperature (PT), pasting viscosity (PV), breakdown viscosity (BV), final viscosity (FV), and setback
viscosity (SV). Diverse letters in the column denote significant differences (P < 0.05).

affected by the type and concentration of the enzyme, while its
hydrophobic properties are influenced by the type of enzyme.**

The methylene blue adsorption capacity of MS, ES, and MES
is higher than that of NS. The pores formed by double enzy-
matic hydrolysis with the aid of microwave heating support the
adsorption of methylene blue molecules. This is due to the
increased surface area of the pores formed. Several studies have
shown increased methylene blue adsorption by porous arrow-
root starch” and glutinous rice®® which are produced by enzy-
matic hydrolysis using AA and AMG. These results are
consistent with SEM images showing larger and deeper pores in
PS, thus supporting oil adsorption and MB capacity.

3.6 Pasting properties

These pasting properties reflect the gel viscosity, stability, and
retro-gradation of starch, as shown in Table 3. The PSs with
pretreatment(s) had substantially higher Pasting Temperature
(PT) than the NS, following the order of NS < MS < MES < ES
(Table 3). The higher PT implies that higher heat is necessary
for structural disintegration and paste formation because
treatment increases the strength of intramolecular bonds, thus
shifting the initiation of pasting in PS to a higher temperature.**

MS, ES, and MES showed an improvement in PT and
a decline in Pasting Viscosity (PV) and Breakdown Viscosity
(BV). These results are similar to those observed in waxy corn
starch, which denoted increased resistance to swelling and
rupture.”” The PS had substantially lower PV than the NS,
following the order of NS > MS > ES and MES (Table 3). The
decrease in PV indicates that microwaves increase intermolec-
ular and intramolecular hydrogen bonding, a consequence of
starch chain association.?” Starch treated with microwaves,
enzymatic hydrolysis, and a combination showed a decrease in
PV compared to NS. The lower the PV, the greater the number of
voids in the starch.” This is consistent with the SEM results of
PS. Enzymatic hydrolysis breaks bonds, reduces the molecular
weight of the starch fraction, and reduces swelling during
gelatinization. This is similar to the investigation carried out by
Davoudi et al.® The low PV value facilitates the application of PS
in liquid food products.” The reduction in PV is linked with
hydrolysis in non-crystalline areas and the synthesis of low-
molecular-weight dextrins,> which minimizes the expansion
force.>

The PS had substantially lower BV than the NS, following the
order of NS > MS > ES > MES (Table 3). The decrease in BV in MS
indicates that MS is less resistant to shear effects during

© 2026 The Author(s). Published by the Royal Society of Chemistry

heating.”* The starch treated with microwaves for 3 min also
showed a decrease in BV.* The enzymatic process lowered the
BV of PS, which showed higher stability during shearing and
heating. Porous corn starch processed with cyclodextrin glyco-
syltransferase also showed a decrease in BV.** MES showed the
lowest BV, indicating that MES has excellent prospects as a food
ingredient when heated and stirred mechanically. Low BV is
also associated with low PV and low swelling capacity.*® This is
consistent with the results of the swelling power test on PS
being lower than those of NS.

A decrease in Final Viscosity (FV) in ES and MES has been
shown to correlate with amylose loss during the pasting phase.*”
This aligns with the result of amylose value and XRD identified
in ES and MES. The Setback Viscosity (SV) describes the starch
molecules, particularly amylose, undergoing re-association
during cooling and forming a gel structure. The propensity of
amylose chains to retrograde and recrystallize is reflected in the
SV.® ES and MES have the lowest SV compared to NS and MS,
making them suitable for preventing staling in bread products.

4 Conclusions

Microwave treatment assisted enzymatic hydrolysis, compared
to other treatments, can improve pore structure and crystal-
linity, significantly increase solubility, oil and methylene blue
absorption capacity, and pasting temperature, while reducing
the pasting, breakdown, final, and setback viscosity. These
findings confirm that porous rice starch could be potentially
applied as an encapsulant or carrier for active substances in
food products or packaging. Based on mass balance calcula-
tions, the mass of the incoming or outgoing materials of MES is
31.19 g, and the yield in the preparation of MES is 60.39 £
0.72%. Next, research is necessary to measure the thermal
characteristic, apply PS to food products or packaging, and
evaluate the influence of adding PS on the overall stability and
quality of the products.
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