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Abstract

Rice starch, as one of the most abundant and renewable polysaccharide resources in na-
ture, holds great potential for applications in the food, pharmaceutical, and industrial
fields due to its wide availability, low cost, and biodegradability. However, its inherent
limitations—such as susceptibility to retrogradation and poor emulsifying capacity—have
hindered its development into high-value-added products. Emulsion technology presents
a promising strategy to overcome these challenges by constructing stable oil–water in-
terfacial systems using various stabilizers. This review highlights recent advances in the
functional modification of rice starch through emulsion-based techniques, with a partic-
ular focus on four key approaches: polysaccharide–protein complexation, chemical and
physical modifications, Pickering emulsions, and microcapsule formation. These strate-
gies significantly improve the emulsifying ability of rice starch, inhibit retrogradation,
and expand its potential applications in sustained drug delivery, functional foods, and
intelligent packaging. Overall, interfacial engineering of rice starch offers an innovative
and effective pathway for its high-value utilization, demonstrating substantial promise for
future industrial applications.

Keywords: rice starch; emulsion technology; interfacial properties; Pickering emulsion;
microcapsules

1. Introduction
With the growing global emphasis on sustainable development and green chemistry,

the development and functionalization of natural polymer materials has emerged as a
prominent research focus. Rice (Oryza sativa L.), one of the most widely cultivated crops
globally, had a planting area of 160 million hectares in 2023, spanning more than 120 coun-
tries across Asia, Africa, and South America, with an annual yield exceeding 780 million
tons. Among this yield, 15–20% of rice-particularly low-eating-quality varieties such as
IR64 and Thailand’s RD43 is directly utilized for industrial starch extraction, while by-
products such as broken rice and rice bran achieve a utilization rate of 60–70% [1–3].
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As the most abundant renewable polysaccharide resource, starch plays a crucial
role in the food, pharmaceutical, and industrial sectors due to its broad availability and
biodegradability. Global rice starch production rose from 8.9 million tons in 2021 to
9.5 million tons in 2023, with Asia accounting for 78% of output (including 38% from China
and 25% from Thailand) [4,5]. Leveraging the large-scale use of low-grade rice and its
by-products, rice starch production costs are 12–15% lower per ton compared to corn starch.

Despite these advantages, native starch suffers from inherent limitations—such as
poor emulsification, susceptibility to retrogradation, and sensitivity to environmental
conditions—which hinder its application in high-end products. For instance, although
high-amylose rice starch exhibits 20–25% greater film-forming strength and a higher gela-
tinization temperature (75–80 ◦C) compared to corn starch, its lack of interfacial activity
makes it difficult to stabilize emulsions. Moreover, the retrogradation of amylose at low
temperatures shortens product shelf life, and extreme pH or thermal environments can
easily compromise starch’s structural stability [6].

While emulsion technology has shown promise in overcoming these limitations for
starches in general, a critical gap exists in the synthesis and critical evaluation of its spe-
cific application and impact on rice starch functionality. Existing research often focuses
on specific techniques (Pickering emulsions or chemical modification) or broader starch
categories, lacking a comprehensive review dedicated to the multifaceted role of emulsion
strategies—including polysaccharide–protein complexation, modification, Pickering emul-
sions, and microencapsulation—in enhancing rice starch properties and their collective
industrial viability.

In recent years, emulsion technology has offered a promising approach to enhance
starch functionality by constructing oil–water dispersion systems using interfacial sta-
bilizers. This technique not only imparts interfacial activity to starch through chemical
modifications (e.g., esterification and etherification), but also inhibits retrogradation via
physical oil-phase barriers [7,8]. Additionally, cross-linking and composite encapsulation
strategies have greatly improved starch’s environmental stability, making it suitable for
challenging applications such as acidic beverages and thermally sterilized foods. More
importantly, emulsion technology has expanded the functional versatility of starch by
enabling the incorporation of active ingredients for targeted delivery and the development
of intelligent, stimuli-responsive materials.

The aim of this study is to comprehensively analyze the role of emulsion tech-
nology in upgrading the functionality of rice starch. Four key application strategies—
polysaccharide–protein complexation, starch modification, Pickering emulsions, and micro-
capsule fabrication—are discussed, alongside their industrialization prospects.

2. Physicochemical Properties and Limitations of Rice Starch
Starch is one of the most abundant and renewable polysaccharides in nature. Its struc-

tural diversity and wide availability make it valuable in food, pharmaceutical, industrial,
and emerging fields [9]. Whether as a natural energy storage material or a functional
substance enhanced through modification, the performance and application of starch are
inherently determined by its physicochemical properties [10]. Compared with common
starches like corn or potato, rice starch shows unique advantages such as small granule
size, environmental friendliness, and ease of molecular tuning, providing great potential in
applications demanding high precision and sustainability.

2.1. Classification of Starch

Starch is a macromolecule composed of glucose units joined by α-1,4 and α-1,6 gly-
cosidic bonds, mainly including amylose (linear) and amylopectin (branched) [11–13].
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Their ratio significantly affects starch properties like gelatinization, retrogradation, and
film formation.

By origin, starch is classified into seed, tuber, and rhizome starches. Seed starches (e.g.,
corn, wheat, rice) have polygonal/spherical granules and varied amylose content. Tuber
starches (e.g., potato, cassava) have larger, smoother granules with high amylopectin con-
tent (~80%), making them ideal for film-forming applications. Rhizome starches (e.g., sweet
potato) gelatinize into high-viscosity pastes, often used for thickening (Table 1) [12,13].

By structure, high-amylose starch (>50% amylose) has strong film-forming ability and
is suitable for biodegradable materials [12], while high-amylopectin starch (>80%) shows
excellent gelling and clarity, ideal for food thickeners [13]. Though high-amylose rice starch
currently holds <1% market share in degradable packaging, its market is growing at over
20% annually, showing future potential through scalable production [14–16].

Starch can also be classified by function into normal, waxy, and resistant types. Normal
starch (e.g., potato) is widely used in conventional food processing [17]. Waxy starch, nearly
amylose-free, provides strong freeze–thaw stability, useful in frozen foods [18]. Resistant
starch, such as green banana starch, resists enzymatic digestion and supports low-GI food
development [19,20].
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Table 1. Common starch classification table.

Classification
Criteria Type Representative Starch Granule Morphology Amylose/Amylopectin

Ratio
Gelatinization
Temperature Characteristics and Applications

Emulsifying
Performance

(Emulsifying Activity
Index)

References

By source

Seed starch

Corn starch

Polygonal or spherical

Direct links account for
approximately 25%

-
It has strong film-forming properties

and is used in degradable
packaging materials.

10–30 m2/g [11]

Wheat starch - It has strong gelling power and is
suitable for traditional noodles. 15–35 m2/g [11]

Wheat starch Direct chain: 15–30% 60–70 ◦C The viscosity is moderate after
gelatinization and it is prone to aging. 10–25 m2/g [11]

Tuber starch

Potato starch
Large particles with a

smooth surface Branched chains >80%

58–65 ◦C
It has excellent film-forming properties

and transparency, and is used in
degradable packaging materials.

20–40 m2/g [21]

Cassava starch -
After gelatinization, it has high

viscosity but low stability and is used
for thickening food.

15–35 m2/g [22]

Root and stem starch Sweet potato starch Irregular shape - -
It has a high viscosity after

gelatinization and is often used for
thickening food.

10–30 m2/g [23]

According to the
structure

High amylose High amylose content
in corn - Direct links >50% -

The molecules are closely arranged,
heat-resistant, and used in degradable

packaging materials.
5–20 m2/g [12]

High amylose Cassava starch - Branched chains >80% -

The branch structure hinders
rearrangement. After gelatinization, it

has high viscosity and good
transparency, and is used as a food

gelling agent.

20–40 m2/g [13]

According to
physical and

chemical
properties

Common starch Potato starch Large particles with a
smooth surface

Direct links account for
approximately 20% 58–65 ◦C It is applicable to conventional

food processing. 20–40 m2/g [17]

Waxy starch Waxy corn starch - The direct chain is
approximately 0% -

The paste has high stability and strong
anti-reflux property, and is used for

frozen food.
20–40 m2/g [18]

Waxy starch Green banana starch - The direct chain is
approximately 20–25% -

It is difficult to be decomposed by
enzymes, has prebiotic functions, and
is used in low glycemic index foods.

10–30 m2/g [19]
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2.2. Classification of Rice Starch: Ordinary and Special Varieties

Rice starch can be categorized into ordinary and specialty types, based on variety
genetics and cultivation conditions (Figure 1) [24].

Figure 1. Rice starch production areas and yield map.

Ordinary rice starch (e.g., from indica and japonica) typically has granules that are
polygonal or spherical. With amylose content between 15 and 30%, it shows moderate
viscosity and clarity postgelatinization but is prone to retrogradation during storage,
limiting texture stability in foods [25].

Specialty rice starches, such as waxy rice starch from glutinous rice, consist almost
entirely of amylopectin. Their granules, while similar in shape to ordinary starch, are
smoother and gelatinize at lower temperatures (55–65 ◦C). The resulting pastes offer high
viscosity, clarity, and strong resistance to retrogradation, making them suitable for high-
quality frozen and instant food products [26].

2.3. Applications of Rice Starch

Rice starch holds significant application value in both traditional industries and
emerging fields due to its tunable linear-to-branched chain ratio and ease of chemical or
physical modification (Figure 2) [27].

In the food industry, rice starch is widely used for its thickening and gelling properties
in both traditional Asian foods and modern processed products [28]. For example, indica
rice starch (with 20–25% amylose content) imparts elasticity and transparency to Vietnamese
rice noodles through gelatinization, exhibiting a peak viscosity of up to 3000 BU [29].
Glutinous rice starch [30], which contains over 99% amylopectin, is a preferred gelling
agent in frozen puddings and instant jellies due to its high viscosity (>5000 cP) and superior
anti-retrogradation properties. In the development of functional foods, resistant rice starch
(RS3 type) undergoes wet heat modification to increase its digestibility to over 60%, making
it suitable for use in low glycemic index (GI) meal replacement powders [31]. High-amylose
rice starch (e.g., mutant GM645, 34% amylose) can be fabricated into low-calorie rice paper
for functional ingredient delivery due to its excellent film-forming ability [32].

In the pharmaceutical field, pregelatinized rice starch [33] (disintegration time < 5 min)
has largely replaced traditional corn starch as a disintegrant in tablet formulations. Octenyl
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succinic anhydride (OSA)-modified rice starch enables the production of sustained-release
capsules capable of achieving targeted drug delivery in simulated intestinal fluids, with
release rates exceeding 90% within 6 h [34]. Furthermore, pH-responsive hydrogels formed
by cross-linking rice starch with chitosan (cross-linking degree > 85%) demonstrate excellent
biocompatibility in wound dressings, with clinical trials indicating a 25% reduction in the
healing time of chronic ulcers [35].

Figure 2. Application fields of rice starch.

In the papermaking and textile industries, rice starch is utilized as a sustainable
sizing agent owing to its fine particle size (3–8 µm) and strong film-forming capability.
Its application enhances the surface strength of paper (tensile strength increased by 20%)
and reduces ink penetration during printing [36]. In textiles, glutinous rice starch slurry
(sizing rate 8–12%) improves yarn abrasion resistance and reduces weaving breakage rates
to below 1.5%, making it especially suitable for processing high-count cotton yarns [37].

In the industrial and environmental sectors, high-amylose rice starch (e.g., GM645)
blended with polylactic acid (PLA) produces biodegradable films with a tensile strength of
18 MPa and a degradation rate exceeding 70% within 90 days in soil [38]. Oxidized rice
starch (carboxyl content 0.8–1.2 mol%) is employed as an adhesive in corrugated paper
production, increasing peel strength to 4.5 N/cm2—well above that of traditional corn
starch adhesives (3.2 N/cm2) [39]. OSA-modified rice starch-based coatings (degree of
substitution 0.03) can reduce VOC emissions by 60%, and have been applied in interior
wall coatings for green buildings [40].

In emerging applications, rice starch is efficiently converted into bioethanol via simul-
taneous saccharification and fermentation, achieving a conversion efficiency greater than
90%. Thailand has established a commercial-scale rice husk starch ethanol plant with an
annual production capacity of 100,000 tons [41]. Additionally, rice starch microcapsules
produced via spray drying (encapsulation efficiency > 95%) are capable of encapsulating an-
tioxidants such as astaxanthin, enabling sustained release over 12 h in cosmetic applications
and significantly enhancing the stability of active ingredients [42].
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Beyond the above-mentioned applications, rice starch holds promise as a sustainable
bio-template, structure-directing agent, green reductant, and stabilizer in sol–gel synthesis.
This low-temperature wet chemical process utilizes starch to fabricate high-value functional
materials, such as mesoporous oxides and nanocomposites, for applications in catalysis,
energy storage (e.g., battery electrodes), and biomedicine [43]. The renewable nature, cost-
effectiveness, and unique structural properties (e.g., templating mesoporosity) of starch
offer significant advantages in designing novel materials [44].

3. Driving Effect of Interfacial Properties on the Functional Enhancement
of Rice Starch

Although emulsion technology has greatly improved the emulsifying performance,
environmental adaptability, and functional diversity of rice starch through interfacial en-
gineering, its practical application remains constrained by the intrinsic physicochemical
limitations of native starch. This section systematically analyzes three core issues associated
with natural rice starch, namely functional singularity, poor stability, and environmen-
tal sensitivity, and aims to provide a theoretical foundation for subsequent strategies to
enhance its functionality.

3.1. Limitations of Rice Starch

The limitations of rice starch are primarily reflected in three aspects: limited functional-
ity, poor stability, and sensitivity to environmental conditions [45]. Native rice starch chains
lack hydrophobic groups, making them ineffective at adsorbing onto oil–water interfaces
and thereby exhibiting poor emulsifying capacity. Moreover, amylose is prone to retrogra-
dation at low temperatures, leading to gel hardening and water syneresis, which severely
affect product shelf life [46]. In addition, extreme pH conditions, high temperatures, or
elevated ionic strength can disrupt the granular structure of starch, further compromising
its practical utility [7].

3.2. Functional Enhancement of Rice Starch via Emulsion Technology

Emulsion technology offers a comprehensive approach to overcoming the functional
limitations of rice starch by means of interfacial engineering and molecular structure modi-
fication. Core strategies include enhancing interfacial activity, inhibiting retrogradation,
improving environmental adaptability, and expanding functional attributes (Figure 3). The
specific implementation pathways are outlined below.

3.2.1. Imparting Interfacial Activity to Rice Starch

By introducing amphiphilic substances (e.g., proteins) or through chemical modifi-
cations such as esterification and etherification, emulsion technology can optimize the
hydrophilic–lipophilic balance (HLB) of rice starch, enabling stable adsorption at the oil–
water interface and the formation of a compact interfacial film that reduces interfacial ten-
sion (Figure 4) [8]. For instance, rice starch modified with octenyl succinic anhydride (OSA)
exhibits significantly enhanced hydrophobicity and emulsifying performance comparable
to that of synthetic surfactants (e.g., Tween series), while offering superior biocompatibil-
ity [47]. This approach not only ensures uniform emulsion droplet size (ranging from nano-
to microscale), but also reduces reliance on petroleum-based emulsifiers, aligning with
green chemistry principles [48].

In a study by Jain et al. [49], modified rice starch was used to fabricate delivery
systems such as water-in-oil emulsions and alginate beads for encapsulating lycopene, a
hydrophobic compound with low chemical stability. When stored at 4–70 ◦C for 15 days, the
lycopene degradation followed the order: solution > emulsion > alginate beads. Simulated
gastrointestinal model experiments showed that the extent of lipid digestion was positively
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correlated with lycopene bioaccessibility. Lycopene bioaccessibility was significantly higher
in the emulsion system (20.2%) compared to the beads (15.6%), while chemical stability was
better in alginate beads (35.6%) than in emulsions (29.5%). These results demonstrate that
modified rice starch is a promising food-grade material for developing delivery systems
that enhance the chemical stability and controlled gastrointestinal release of lipophilic
bioactives such as lycopene.

 

Figure 3. Schematic diagram of how emulsion technology helps upgrade the functionality of
rice starch.

 

Figure 4. Mechanism diagram of emulsion interface stabilization mechanism.

3.2.2. Inhibition of Rice Starch Retrogradation

In emulsion systems, the oil phase acts as a physical barrier that hinders the rearrange-
ment of linear rice starch molecular chains, thereby slowing the retrogradation process [50].
Simultaneously, complexes formed between interfacial stabilizers (such as whey protein)
and starch molecules can further suppress crystallization [51]. For example, incorporating
rice starch-based emulsions into frozen dough significantly enhances storage stability and
reduces the need for anti-staling additives, thereby lowering production costs. However,
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high oil-phase ratios may lead to undesirably firm textures, thus necessitating additional
technologies (e.g., enzymatic inhibition) to balance performance and cost-effectiveness [52].

Dun et al. [53] found that the addition of emulsions decreased the peak viscosity and
gelatinization enthalpy of rice starch, limited granule swelling, and reduced the final gel
strength. After 14 days of storage at 4 ◦C, the relative crystallinity of the rice starch gel
decreased from 11.59% to 6.81%, resulting in reduced hardness and water mobility, and
a denser, more uniform gel microstructure. These findings confirm that emulsions can
effectively inhibit both short-term and long-term retrogradation of rice starch, supporting
their application in starch-based food products.

3.2.3. Enhance Environmental Adaptability

The resistance of rice starch to acidic and thermal environments can be enhanced
through cross-linking modification or composite encapsulation (e.g., blending with chi-
tosan). Additionally, the interfacial barrier formed in emulsions can protect starch struc-
tures from environmental stressors such as pH fluctuations and ionic strength [54]. For
instance, cross-linked rice starch exhibits superior stability in acidic beverages and ther-
mally processed foods, thereby reducing the need for auxiliary stabilizers and simplifying
formulation design. However, it is important to note that cross-linking may compromise
the biodegradability of starch, thus necessitating a trade-off between enhanced functionality
and environmental sustainability [55].

Montoya Yepes et al. [56] encapsulated phenolic compounds from passion fruit seed
extract using enzymatically acylated rice starch as the wall material, via both emulsion
and spray-drying techniques. The encapsulation efficiencies exceeded 40–90%, respectively.
The encapsulated system exhibited targeted release at alkaline pH and retained antioxidant
activity for up to 8 months. These results demonstrate that modified rice starch, via
cross-linking and composite encapsulation, enhances resistance to environmental and
physiological stresses and holds promise for use in phenolic compound stabilization and
herbal medicine delivery.

3.2.4. Expanding Functional Applications

Emulsion technology opens new pathways for expanding the functional versatility
of rice starch. By encapsulating functional ingredients (such as vitamins and probiotics),
rice starch-based emulsions can serve as vehicles for targeted and controlled release, partic-
ularly in pharmaceutical applications [57]. Furthermore, the development of intelligent
responsive materials, such as pH-sensitive packaging films based on Pickering emulsions,
highlights the potential of rice starch in smart material design. For example, the success-
ful development of low-fat, high-stability seasoning sauces demonstrates the high-value
applications of rice starch-based emulsions in the food industry [58].

Kamwilaisak et al. [59] prepared rice starch nanoparticles (SNPs) via HCl hydrolysis
and citric acid cross-linking and used them to stabilize sunflower oil-in-water Pickering
emulsions containing curcumin. Under optimal hydrolysis conditions (2.2 M HCl, 6 days),
the SNP yield was 21.87 ± 0.69%, with a crystallinity of 45.56%. The SNPs modified with
6 h citric acid cross-linking (SNP-M-6 h) had a water contact angle of 87.2◦, and 3.0 wt%
SNP-M-6 h effectively stabilized emulsions containing 30 wt% curcumin-loaded sunflower
oil. The emulsions exhibited shear-thinning, pseudoplastic behavior, with a droplet size of
47.16 ± 4.22 µm, and remained highly stable after 5 weeks of storage. Curcumin release was
pH-dependent—slower under acidic and faster under alkaline conditions—demonstrating
potential for oral drug delivery applications.
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4. Application Mode of Starch in Emulsion Systems
Building on the optimization of starch functionalities through interfacial engineering,

this section explores four application modes of starch-based emulsions (Figure 5), with a
focus on their practical potential in food and pharmaceutical fields. Notably, the nature
of the protein component greatly influences the interfacial behavior of the complex. For
instance, plant proteins such as pea or wheat gluten exhibit different solubility profiles and
surface hydrophobicity compared to dairy proteins, which affect their compatibility and
binding behavior with starch during emulsion formation.

Figure 5. Application model of starch in emulsion system (Reproduced or adapted from [60–71],
with permission from ELSEVIER Ltd., 2025.). (a1): Schematic of the preparation process for peanut
protein sediment-based emulsions under an alkaline environment (pH 8.0–12.0). (a2): Mechanistic
diagram illustrating the effect of PEC (polysaccharide–protein complex) concentration on the stability
of the interfacial layer in peanut protein emulsions. (b1): Flowchart of the Pickering emulsion
preparation process using lauric acid-modified starch particles. (b2): Schematic of the microstructure
and stability maintenance of HIPEs (high internal phase emulsions) stabilized by starch-based CSNPs.
(c1): Schematic of electrostatic adsorption, self-assembly, and multiscale characterization (SEM &
fluorescence imaging) of lauric acid-modified Pickering emulsions with CSNPs. (c2): Flowchart
of temperature-responsive HIPE preparation via starch hydrophobic modification and nanopre-
cipitation, illustrating β-carotene encapsulation and release mechanisms. (d1): Flowchart of the
preparation process for starch–chitosan phytate composite-coated microcapsules. (d2): Schematic
of the antibacterial properties of EOs@PU microcapsules and their amylase-responsive controlled
release mechanism.
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4.1. Polysaccharide–Protein Complexes

In food emulsion systems, combining polysaccharides (e.g., starch) with proteins
offers notable synergistic benefits. The interfacial stabilization mechanism leverages the
hydrophobicity of proteins and the hydrophilicity of starch to form complexes via physical
mixing or chemical cross-linking (e.g., whey protein–starch complexes) that maintain emul-
sion stability even under acidic conditions. This characteristic is particularly advantageous
for quality control in fermented foods such as yogurt [72].

Further studies have demonstrated that dual treatments, such as ultrasonic processing
combined with heat, significantly enhance the functional properties of soy protein–rice
starch complexes (Table 2). Improvements in solubility, water retention, and foaming
capacity are closely associated with intermolecular hydrogen bonding particularly short-
range interactions between amino acids (e.g., glutamine and leucine) and hydroxyl groups
on starch. These interactions broaden the functional applications of such complexes in
emulsion systems.

Table 2. Common starch modification case table.

Research Object Research Methods Conclusions and Application Values References

Starch–protein (whey
protein, soy protein)
composite systems

Physical mixing or
chemical cross-linking

Utilize the synergistic effect of the
hydrophobicity of proteins and the

hydrophilicity of starches to stabilize
the interface, which has important

application value in fermented foods
such as yogurt. Process optimization
is required to balance functionality

and economy.

[72]

ss1 L/ss2a L/ss3a
mutant rice

Analysis of the activities of
three major starch

synthases, starch content in
grains, apparent amylose

content, and protein
analysis

Starch synthesis in the mutants was
retained, with fewer branched chains
and more linear chains, revealing the

relationship between starch
properties and protein complexes.

[73]

Soy protein–rice
starch complexes

Ultrasonic treatment (60%
amplitude, 450 W)

combined with heat
treatment, molecular

docking study using 11S
protein (1 FXZ)

The formed complexes have excellent
functional properties, expanding

their application range in the
food industry.

[74]

Rice endosperm starch
phosphorylase (Pho1) and
disproportionase (Dpe1)

Pull-down experiments,
immunoprecipitation,

chromatographic
co-elution, electrophoretic

co-migration, etc.

Verified the formation of the
Pho1—Dpe1 complex and

demonstrated the advantages of this
complex in substrate utilization and

catalytic reactions.

[75]

White-core (GM645) and
waxy (GM077) mutants of
high-amylose indica rice

Guangluai 4

Determination of gene
expression profiles and
immunoprecipitation

analysis

The protein–protein interactions in
starch biosynthesis in mutants have
changed, providing insights into the

mechanism of starch biosynthesis,
especially in indica rice.

[76]

While these complexes are attractive due to their use of natural, clean-label ingredi-
ents, their stability remains sensitive to environmental fluctuations in pH and temperature.
Therefore, process optimization is essential to balance functionality and economic feasi-
bility. Nonetheless, research on molecular interactions (e.g., protein complex formation),
structural regulation (e.g., amylose content modulation), and processing technologies (e.g.,
ultrasound-assisted treatment) has provided a theoretical and technical foundation for
the transition of polysaccharide–protein complexes from laboratory research to industrial
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applications. Compared to synthetic emulsifiers, protein–starch complexes offer advan-
tages in clean-label formulation, biocompatibility, and biodegradability. Additionally, they
can be tailored to meet the growing demand for allergen-free or plant-based emulsions in
the food and nutraceutical sectors. However, batch-to-batch variability and scalability of
production remain critical barriers. Current research efforts should therefore focus not only
on understanding molecular mechanisms but also on process standardization and shelf-life
optimization to enable industrial translation.

Hayashi et al. [73] reported that in the ss1 L/ss2a L/ss3a mutant rice line, the activ-
ities of three major starch synthases were reduced to 25–30% of wild-type levels. Starch
content in grains dropped to 55%, while the apparent amylose content increased to 34%.
Protein analyses indicated altered enzymatic interactions and the formation of new active
complexes, even with reduced starch synthase isozyme levels. The mutant exhibited fewer
branched chains and more linear chains, revealing a connection between starch structure
and protein complex formation.

Thirunavookarasu et al. [74] investigated the effect of ultrasonic cavitation on soy
protein–rice starch complex formation. At 60% ultrasonic amplitude (450 W) combined
with heat treatment, the resulting complex exhibited significantly improved solubility, wa-
ter retention, and foaming capacity compared to untreated soy protein isolate. Crystallinity
of the complex was preserved. Molecular docking using 11S protein (1FXZ) confirmed
short-range hydrogen bonding between glutamine and leucine residues and starch hy-
droxyl groups, resulting in a complex with excellent functional characteristics suitable
for food applications. These findings reinforce the importance of short-range molecular
interactions in stabilizing emulsions, particularly under stress conditions such as heating
or acid exposure, which are common in food processing scenarios.

Hwang et al. [75] identified that rice endosperm starch phosphorylase (Pho1) and
4-α-glucanotransferase (Dpe1) assembled into a 1:1 molar ratio protein complex. This
interaction was verified through pull-down assays, immunoprecipitation, chromatographic
co-elution, and electrophoretic co-migration. The complex could utilize a broader range of
substrates to synthesize larger maltooligosaccharides compared to the individual enzymes.
Notably, the complex significantly enhanced Pho1′s substrate affinity at 30 ◦C and enabled
it to act on transglycosylation products (G1 and G3), which it otherwise could not catalyze
independently.

Chen et al. [76] compared gene expression and protein interactions in white-core
(GM645) and glutinous (GM077) mutants derived from high-amylose Indica rice Guan-
gludwarf 4. During seed development, key starch biosynthesis genes such as AGPS1
and GBSSI were significantly downregulated in GM645, while AGPL2 was upregulated
in GM077. Immunoprecipitation analysis specifically detected interactions between key
enzymes (including SSI-SSIIa, SSIIa-SBEIIb, and SBEIIb-PUL), revealing distinct alterations
in the mutants: for example, the SSI-SSIIa interaction was weak/absent in GM077 and
reduced in GM645, while the SBEIIb-PUL interaction was notably reduced. These findings
provide insight into the role of protein complexes in starch biosynthesis, particularly in
Indica rice.

Moreover, the degree of starch branching and amylose-to-amylopectin ratio are critical
determinants of emulsion performance when complexed with proteins. Higher amy-
lose content tends to promote linear interactions and network formation, contributing
to emulsion viscosity and gelation. In contrast, highly branched amylopectin may re-
duce the strength of protein–starch interactions due to steric hindrance. Understanding
these structure–function relationships enables the rational design of emulsifying agents by
tailoring starch structural features in combination with specific proteins.
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4.2. Modified Starch

Chemical and physical modifications represent key strategies to enhance the interfacial
activity of starch in emulsion systems. Chemical modifications—such as esterification and
etherification—introduce hydrophobic functional groups, thereby improving emulsifying
capacity. Physical modifications, including wet heat treatment, alter molecular confor-
mation and enhance functional adaptability. Among these, octenyl succinic anhydride
(OSA)-modified starch is particularly notable for its emulsifying performance, which ap-
proaches that of synthetic emulsifiers. OSA-modified starch also demonstrates superior
resistance to acid and heat, making it highly desirable for food applications. However,
its industrial-scale production requires stringent control over residual chemicals to meet
safety standards [77]. Compared to chemical modification, physical approaches offer a
more sustainable and consumer-acceptable route, especially in clean-label product devel-
opment. However, their relatively limited ability to alter molecular structures results in
lower interfacial activity. In contrast, chemical modification achieves higher emulsifica-
tion efficiency but raises concerns related to chemical residues, regulatory approval, and
consumer perception. Therefore, the choice of modification strategy often hinges on the
specific product requirements, regulatory constraints, and target consumer expectations.

By contrast, physical modification methods, though more cost-effective and environ-
mentally friendly, often result in more modest performance improvements. Therefore, they
are commonly combined with other techniques to meet practical application requirements
(Figure 6).

Figure 6. Effects of different modification methods on emulsification performance.

Li et al. [78] investigated the chemical modification of rice starch using dynamic
high-pressure microfluidization (DHPM) in conjunction with OSA treatment. DHPM
pretreatment altered the morphology and crystallinity of the starch, increasing its degree
of substitution. Compared to OSA-modified rice starch without DHPM, the pretreated
samples exhibited higher peak viscosity, lower gelatinization temperature, and significantly
enhanced emulsifying activity and stability. These findings highlight DHPM as a promising
tool to modulate the physicochemical properties of starch, thereby improving its reactiv-
ity and effectiveness in chemical modification processes. These findings underscore the
importance of interfacial engineering in starch modification. By altering particle morphol-
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ogy, charge distribution, and hydrophilic–hydrophobic balance, such modifications enable
starch molecules to more effectively migrate to and stabilize the oil–water interface, thereby
enhancing emulsion performance.

Jiang et al. [79] developed a porous rice starch by enzymatic hydrolysis, followed
by surface modification with chitosan. The resulting starch featured a mesoporous struc-
ture with a specific surface area of 1.13 ± 0.05 m2/g and interacted with chitosan via
intermolecular hydrogen bonding. Chitosan functionalization rendered the starch surface
positively charged across a broad pH range (2–10). Enzymatic hydrolysis slightly reduced
the particle size and apparent viscosity, while chitosan coating increased both the particle
size and viscosity. Remarkably, the modified starch showed strong adsorption capacity
for proanthocyanidins, capturing up to 96 ± 3% through chemical adsorption or strong
surface complexation rather than simple mass transfer. This study demonstrates that
chitosan-modified porous rice starch can serve as an efficient polyphenol adsorbent, with
chitosan playing a crucial role in enhancing adsorption performance. Beyond polyphenol
adsorption, such chitosan–starch hybrid systems may also serve as multifunctional emulsi-
fiers with antioxidant capacity, pH responsiveness, or controlled-release behavior, offering
extended application possibilities in nutraceutical emulsions and delivery systems.

Li et al. [78] compared several starch modification strategies: high-pressure cooking
alone (A-MS), high-pressure cooking combined with pullulanase treatment (A/PUL-MS),
and a sequential three-enzyme modification (β-amylase → transglucosidase → pullulanase)
following high-pressure cooking (A/STE-MS), using natural rice starch (NRS) as a control.
The A/STE-MS sample exhibited a dense granule structure, with a high proportion of short
chains (43.17%, DP ≤ 6). Apparent amylose contents were elevated in A/PUL-MS (38.39%)
and A/STE-MS (33.78%), which also showed improved thermal stability. X-ray diffraction
revealed distinct crystalline patterns: NRS had an A-type crystal structure, A/PUL-MS
was B-type, and both A-MS and A/STE-MS showed V-type crystallinity. A/STE-MS
further demonstrated high swelling power and solubility index, low apparent viscosity,
and a reduced glycemic index (62.9), underscoring its potential in developing low-GI
food products. These results suggest that enzyme-assisted high-pressure modification can
significantly tailor rice starch structure and functionality, offering new opportunities for
food formulation and industrial applications.

Despite significant progress in starch modification, several challenges remain. Achiev-
ing a balance between functionality, process scalability, and regulatory compliance is still
a major concern. Future efforts may focus on developing hybrid modification methods,
such as integrating physical, enzymatic, and mild chemical treatments, to produce high-
performance, food-grade emulsifiers. Additionally, real-time characterization of interfacial
behavior and long-term stability studies in complex food matrices are essential for indus-
trial application.

4.3. Starch-Based Pickering Emulsion

Starch particles can be converted into solid emulsifiers through nano-sizing or hy-
drophobic modification, enabling their adsorption at the oil–water interface to form a
robust physical barrier [80]. These Pickering emulsions, known as Pickering emulsions and
stabilized exclusively by solid particles rather than molecular surfactants [81], eliminate
the need for small-molecule emulsifiers, making them particularly attractive for natural
food formulations. Additionally, the particle-based barrier provides excellent long-term
stability, including resistance to Ostwald ripening, a thermodynamically driven process
where smaller droplets shrink (due to higher solubility) and larger droplets grow over time,
leading to emulsion instability [82]. However, precise control over particle size and sur-
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face wettability remains technically challenging, and large-scale production often requires
advanced equipment such as high-pressure homogenizers.

Taghavi et al. [83] explored the use of modified rice starch particles as plant-based
emulsifiers for mayonnaise-based Pickering emulsions. The mayonnaise formulation
contained 50% (w/w) olive oil and 50% (w/w) lemon juice, with natural and modified rice
starch added at concentrations of 200 and 400 mg starch/mL oil. Emulsification ability and
stability were assessed over 1, 7, and 14 days. The results showed that low concentrations
(200 mg/mL) of pregelatinized rice starch produced emulsions with an emulsion index of
up to 100% and the smallest droplet size (17.0 ± 10.55 µm). All formulations displayed
shear-thinning behavior. Emulsions stabilized with pregelatinized starch exhibited the
highest viscosity and viscoelasticity (G′ > G′′), along with superior storage stability. These
findings suggest that pregelatinization is an effective strategy to enhance the functionality
of rice starch in emulsified systems and represents a promising approach for developing
clean-label mayonnaise alternatives.

Ji et al. [84] designed a ternary complex based on octenyl succinate-modified millet
starch, chitosan hydrochloride, and epigallocatechin gallate to stabilize high-internal-
phase Pickering emulsions. The complex was formed via electrostatic, hydrophobic, and
hydrogen bonding interactions. At a mass ratio of 60:15:4, the complex exhibited the
smallest particle size (277.6 nm), highest hydrophobicity (88.17◦), and strong antioxidant
activity. When used at concentrations ≥1% (w/v), it successfully stabilized high-internal-
phase emulsions with excellent storage and centrifugal stability for up to 28 days. At 3.5%
(w/v), the emulsion also functioned as a printable bio-ink with high 3D printing accuracy
and shape retention. Such ternary complexes not only contribute to droplet stabilization
via multipoint interactions but also endow emulsions with antioxidant and rheological
functionalities, making them ideal for multifunctional delivery systems or next-generation
food materials like printable bio-inks. This study demonstrates the potential of modified
starch from underutilized sources such as millet in advanced emulsion technologies.

Gong et al. [85] investigated the effect of electric dry heating (EDH) and baking dry
heating (RDH) on the performance of octenyl succinic anhydride (OSA)-modified rice starch
in stabilizing water-in-oil Pickering emulsions. Heat treatments preserved starch granule
morphology but reduced gelatinization temperature and enthalpy, while maintaining type
A crystallinity. In vitro digestibility increased and relative crystallinity decreased from
26.73% to 21.74%. Emulsions stabilized by RDH-treated starch (180 ◦C) exhibited larger
droplet volumes, whereas EDH-treated starch had more consistent performance. These
results indicate that combining dry heat treatment with hydrophobic modification enhances
the performance of starch-based Pickering emulsifiers and may serve as a practical strategy
for industrial-scale applications.

Despite their promising performance, starch-based Pickering emulsions face techni-
cal challenges including poor redispersibility after drying, sensitivity to environmental
changes, and batch-to-batch variability. Future research should focus on developing scalable
particle engineering techniques, establishing structure–function databases, and exploring
co-stabilization strategies (e.g., protein or polysaccharide blends) to improve formulation
robustness across various food matrices.

4.4. Preparation of Starch-Based Microcapsules

In starch-based microcapsules, interfacial stabilization during emulsification plays a
key role in forming uniform droplets, which then undergo solidification to create protective
matrices. The surface properties and interaction strength of starch determine the microcap-
sule’s structural integrity and release behavior under gastrointestinal or storage conditions.
Starch is widely used as a wall material for encapsulating oil-soluble active ingredients
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(e.g., essential oils, probiotics) via emulsification–solidification techniques such as spray
drying (Figure 7). This encapsulation significantly improves the stability and controlled
release of the core material [86]. For instance, starch-based microcapsules can enable the
targeted release of probiotics in the intestinal tract. While mechanical strength and moisture
sensitivity still need optimization, starch microcapsules exhibit substantial potential for
use in functional foods and drug delivery systems. Although industrial-scale production
entails high energy consumption, the cost can be reduced through process optimization.

Figure 7. Microcapsule preparation process flow chart.

Wu et al. [87] developed curcumin-loaded microcapsules using porous rice starch
combined with xanthan gum as the wall material. Different ratios were tested, and the
microcapsules were characterized via SEM, XRD, DSC, and FTIR. All samples achieved
encapsulation efficiencies exceeding 90%, with an average particle size of approximately
3.30 µm. Curcumin formed inclusion complexes rather than simple physical mixtures
within the matrix. In simulated gastrointestinal environments, the release of curcumin
followed first-order kinetics in gastric fluid (R2 > 0.974) and the Higuchi model in intestinal
fluid (R2 > 0.969), demonstrating effective controlled release. These findings highlight
the promising role of porous rice starch/xanthan gum composites in delivering bioac-
tive compounds.

Espinosa-Solís et al. [88] prepared various modified starches, including phosphory-
lated waxy corn starch, OSA-modified corn starch, and OSA-modified rice starch, via reac-
tive extrusion and evaluated their performance in stabilizing water-in-olive oil Pickering
emulsions. Microfluidization and spray drying were employed to assess encapsulation effi-
ciency and oil protection. OSA-modified rice starch exhibited the smallest particle size and
the most negative ζ-potential, indicating superior emulsifying and digestibility-enhancing
properties. Phosphorylated waxy corn starch, with its spray-drying compatibility, im-
proved oil stability and lowered digestibility, suggesting its suitability as a microcapsule
wall material.
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Ashwar et al. [89] utilized resistant starch (RS4) derived from rice starch as an en-
capsulation agent for targeted probiotic delivery. The study focused on three probiotic
strains—Lactobacillus casei, L. brevis, and L. plantarum. RS4 microcapsules achieved encapsu-
lation efficiencies between 43.01% and 48.46%, with particle diameters ranging from 45.53 to
49.29 µm. FTIR revealed characteristic peaks of bacterial presence, and DSC confirmed ex-
cellent thermal stability. Encapsulated probiotics maintained high viability (>7 log CFU/g)
under simulated gastrointestinal conditions and after two months of cold storage (4 ◦C).
These results indicate that RS4 is a promising oral delivery carrier for probiotics, offering
protection against harsh environmental stresses.

As natural, biodegradable, and functional carriers, starch-based microcapsules offer
a green alternative for encapsulation in food and pharmaceutical industries. Future re-
search could explore intelligent release systems responding to pH or enzymatic triggers, or
integrate bioactive packaging functionalities for the real-time protection and delivery of
sensitive compounds.

5. Conclusions and Outlook
5.1. Summary

This review highlights recent progress in starch-based emulsion systems, focusing on
interfacial engineering and structural modification techniques to improve the functional
properties of native starch. Modified starches, through chemical, physical, or enzymatic
treatments, demonstrate improved emulsifying ability by enhancing their surface activity
and interfacial film formation, which contributes to better emulsion stability. Such modifi-
cations can mitigate common issues in starch-based systems, including phase separation
and aggregation during storage, although the direct impact on starch retrogradation re-
quires further detailed investigation. Additionally, the integration of functional bioactive
compounds into starch-stabilized emulsions shows promising applications in food, phar-
maceutical sustained release, and active packaging. However, challenges such as potential
chemical residues from modification processes, process scalability, and environmental
compatibility remain critical areas for future research and development.

5.2. Future Prospects

Future research should emphasize the development of environmentally friendly mod-
ification techniques, particularly those involving physical or enzymatic methods, to mini-
mize chemical residues. The integration of intelligent manufacturing technologies—such
as machine learning for process parameter optimization—can improve both product consis-
tency and production efficiency. Furthermore, interdisciplinary approaches will facilitate
the application of starch-based emulsions in emerging sectors such as cosmetics and sus-
tainable energy. For instance, the use of starch-based Pickering emulsions in biodiesel
formulations presents a promising research avenue. In addition, conducting comprehensive
life cycle assessments (LCAs) will offer scientific guidance for the sustainable development
of these systems. With continuous technological innovation and system-level optimiza-
tion, the industrialization and commercialization prospects of starch-based emulsions are
expected to expand significantly in the near future.
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18. Šárka, E.; Dvořáček, V. Waxy Starch as a Perspective Raw Material (A Review). Food Hydrocoll. 2017, 69, 402–409. [CrossRef]
19. Wang, Z.; Wang, S.; Xu, Q.; Kong, Q.; Li, F.; Lu, L.; Xu, Y.; Wei, Y. Synthesis and Functions of Resistant Starch. Adv. Nutr. 2023, 14,

1131–1144. [CrossRef]
20. Wang, J.; Wang, C.; Yu, J.; Yang, Y.; Copeland, L.; Wang, S. A Novel Composite Resistant Starch with Improved Prebiotic Functions.

Food Hydrocoll. 2025, 162, 111015. [CrossRef]
21. Wang, R.; Liu, P.; Cui, B.; Kang, X.; Yu, B.; Qiu, L.; Sun, C. Effects of Pullulanase Debranching on the Properties of Potato

Starch-Lauric Acid Complex and Potato Starch-Based Film. Int. J. Biol. Macromol. 2020, 156, 1330–1336. [CrossRef] [PubMed]
22. Akintayo, O.A.; Obadu, J.M.; Karim, O.R.; Balogun, M.A.; Kolawole, F.L.; Oyeyinka, S.A. Effect of Replacement of Cassava Starch

with Sweet Potato Starch on the Functional, Pasting and Sensory Properties of Tapioca Grits. LWT 2019, 111, 513–519. [CrossRef]

https://doi.org/10.1038/s41597-025-04483-1
https://www.ncbi.nlm.nih.gov/pubmed/39885171
https://doi.org/10.1016/j.isprsjprs.2025.03.026
https://doi.org/10.3390/pr10061210
https://doi.org/10.1038/s41598-023-33413-7
https://doi.org/10.1016/j.fbp.2022.09.008
https://doi.org/10.1016/j.jcs.2023.103713
https://doi.org/10.3390/foods14010021
https://doi.org/10.1016/j.foodhyd.2018.11.045
https://doi.org/10.1093/jxb/erx291
https://doi.org/10.1016/j.fochx.2024.101912
https://doi.org/10.1016/j.plantsci.2022.111223
https://www.ncbi.nlm.nih.gov/pubmed/35351303
https://doi.org/10.1016/j.jcs.2021.103393
https://doi.org/10.1016/j.tifs.2018.05.024
https://doi.org/10.3390/membranes12050500
https://doi.org/10.1088/1748-9326/ad5a24
https://doi.org/10.3390/polym15183760
https://www.ncbi.nlm.nih.gov/pubmed/37765615
https://doi.org/10.1088/1755-1315/596/1/012084
https://doi.org/10.1016/j.foodhyd.2017.03.001
https://doi.org/10.1016/j.advnut.2023.06.001
https://doi.org/10.1016/j.foodhyd.2024.111015
https://doi.org/10.1016/j.ijbiomac.2019.11.173
https://www.ncbi.nlm.nih.gov/pubmed/31760002
https://doi.org/10.1016/j.lwt.2019.05.022


Foods 2025, 14, 2228 19 of 21

23. Ye, F.; Li, J.; Zhao, G. Physicochemical Properties of Different-Sized Fractions of Sweet Potato Starch and Their Contributions to
the Quality of Sweet Potato Starch. Food Hydrocoll. 2020, 108, 106023. [CrossRef]

24. Mousa, A.M.A.; Ali, A.M.A.-G.; Omar, A.E.A.; Alharbi, K.; Abd El-Moneim, D.; Mansour, E.; Elmorsy, R.S.A. Physiological,
Agronomic, and Grain Quality Responses of Diverse Rice Genotypes to Various Irrigation Regimes under Aerobic Cultivation
Conditions. Life 2024, 14, 370. [CrossRef] [PubMed]

25. Liao, C.; Chen, J.; Cao, F.; Wang, W.; Huang, M.; Zheng, H. Contrasting Starch Digestion and Physiochemical Characteristics
between Japonica and Indica Rice Varieties with Comparable High-Amylose Content. Curr. Res. Food Sci. 2025, 10, 101092.
[CrossRef]

26. Lowithun, N.; Sagis, L.M.C.; Lumdubwong, N. Impact of Deformability and Rigidity of Starch Granules on Linear and Non-Linear
Rheological Behavior of Waxy Rice Starch Gels and Applicability for Food End Uses. Foods 2024, 13, 1864. [CrossRef]

27. Jeong, D.; Lee, J.H.; Chung, H.-J. Effect of Molecular Structure on Phase Transition Behavior of Rice Starch with Different Amylose
Contents. Carbohydr. Polym. 2021, 259, 117712. [CrossRef]

28. Liu, Y.; Chen, X.; Xu, Y.; Xu, Z.; Li, H.; Sui, Z.; Corke, H. Gel Texture and Rheological Properties of Normal Amylose and Waxy
Potato Starch Blends with Rice Starches Differing in Amylose Content. Int. J. Food Sci. Technol. 2021, 56, 1946–1958. [CrossRef]

29. Luo, Z.; Wang, Z. The Role of Starch Granule-Associated Proteins in Enhancing the Strength of Indica Rice Starch Gels. Food
Hydrocoll. 2022, 131, 107826. [CrossRef]

30. Jiao, M.; Gao, Y.; Tian, Y. Study the Relationship between the Microstructure and Characteristics of Quinoa Starch by Compared
with Common Cereal Starches. Am. J. Biochem. Biotechnol. 2020, 16, 561–567. [CrossRef]

31. Sun, X.; Dong, Z.; Liang, J. Preparation of Resistant Rice Starch and Processing Technology Optimization. Starch—Stärke 2022,
74, 2100218. [CrossRef]

32. Zhang, Y.; Zhao, J.; Hu, Y.; Zhang, Y.; Ying, Y.; Xu, F.; Bao, J. Combined Effects of Different Alleles of FLO2, Wx and SSIIa on the
Cooking and Eating Quality of Rice. Plants 2022, 11, 2249. [CrossRef]

33. Dang, Y.; Imaizumi, T.; Nishizu, T.; Anandalakshmi, R.; Katsuno, N. Effect of the Addition of Pregelatinized Rice Starch Paste on
the Retrogradation of Rice Starch Gel. Food Hydrocoll. 2023, 145, 109159. [CrossRef]

34. Biduski, B.; Kringel, D.H.; Colussi, R.; Hackbart, H.C.d.S.; Lim, L.-T.; Dias, A.R.G.; Zavareze, E.d.R. Electrosprayed Octenyl
Succinic Anhydride Starch Capsules for Rosemary Essential Oil Encapsulation. Int. J. Biol. Macromol. 2019, 132, 300–307.
[CrossRef]

35. Wu, W.-C.; Hsiao, P.-Y.; Huang, Y.-C. Effects of Amylose Content on Starch-Chitosan Composite Film and Its Application as a
Wound Dressing. J. Polym. Res. 2019, 26, 137. [CrossRef]

36. Shoukat, R.; Cappai, M.; Pilia, L.; Pia, G. Rice Starch Chemistry, Functional Properties, and Industrial Applications: A Review.
Polymers 2025, 17, 110. [CrossRef] [PubMed]

37. Peerapattana, J.; Phuvarit, P.; Srijesdaruk, V.; Preechagoon, D.; Tattawasart, A. Pregelatinized Glutinous Rice Starch as a Sustained
Release Agent for Tablet Preparations. Carbohydr. Polym. 2010, 80, 453–459. [CrossRef]

38. de Oliveira, J.P.; de Almeida, M.E.F.; Costa, J.d.S.S.; da Silva, I.B.; de Oliveira, J.S.; Oliveira, E.L.; Landim, L.B.; da Silva, N.M.C.;
de Oliveira, C.P. Effect of Eucalyptus Nanofibril as Reinforcement in Biodegradable Thermoplastic Films Based on Rice Starch
(Oryza Sativa): Evaluation as Primary Packaging for Crackers. Food Chem. 2025, 474, 143177. [CrossRef]

39. Watcharakitti, J.; Nimnuan, J.; Krusong, K.; Nanan, S.; Smith, S.M. Insight into the Molecular Weight of Hydrophobic Starch
Laurate-Based Adhesives for Paper. Polymers 2023, 15, 1754. [CrossRef]

40. Chueangchayaphan, W.; Luklem, C.; Nooun, P.; Thitithanakul, S.; Pechwang, J.; Kunphakdee, S.; Chueangchayaphan, N.
Incorporating Ginger Extract as a Bioactive Additive Into Eco-Friendly Fertilizer Coatings Based on Natural Rubber-Grafted-Rice
Starch: A Performance Evaluation. J. Appl. Polym. Sci. 2025, 142, e56941. [CrossRef]

41. Myburgh, M.W.; Cripwell, R.A.; Favaro, L.; van Zyl, W.H. Application of Industrial Amylolytic Yeast Strains for the Production of
Bioethanol from Broken Rice. Bioresour. Technol. 2019, 294, 122222. [CrossRef]

42. Lai, J.-X.; Chen, X.; Bu, J.; Hu, B.-B.; Zhu, M.-J. Direct Production of Astaxanthin from Food Waste by Phaffia Rhodozyma. Process
Biochem. 2022, 113, 224–233. [CrossRef]

43. Gangulibabu; Bhuvaneswari, D.; Kalaiselvi, N. Comparison of Corn Starch-Assisted Sol–Gel and Combustion Methods to Prepare
LiMn x Co y Ni z O2 Compounds. J. Solid State Electrochem. 2013, 17, 9–17. [CrossRef]

44. Singh, V.; Singh, S.K.; Pandey, S.; Kumar, P. Sol–Gel Synthesis and Characterization of Adsorbent and Photoluminescent
Nanocomposites of Starch and Silica. J. Non-Cryst. Solids 2011, 357, 194–201. [CrossRef]

45. Cao, F.; Lu, S.; Wang, L.; Zheng, M.; Young Quek, S. Modified Porous Starch for Enhanced Properties: Synthesis, Characterization
and Applications. Food Chem. 2023, 415, 135765. [CrossRef] [PubMed]

46. Liu, X.; Chao, C.; Yu, J.; Copeland, L.; Wang, S. Mechanistic Studies of Starch Retrogradation and Its Effects on Starch Gel
Properties. Food Hydrocoll. 2021, 120, 106914. [CrossRef]

https://doi.org/10.1016/j.foodhyd.2020.106023
https://doi.org/10.3390/life14030370
https://www.ncbi.nlm.nih.gov/pubmed/38541695
https://doi.org/10.1016/j.crfs.2025.101092
https://doi.org/10.3390/foods13121864
https://doi.org/10.1016/j.carbpol.2021.117712
https://doi.org/10.1111/ijfs.14826
https://doi.org/10.1016/j.foodhyd.2022.107826
https://doi.org/10.3844/ajbbsp.2020.561.567
https://doi.org/10.1002/star.202100218
https://doi.org/10.3390/plants11172249
https://doi.org/10.1016/j.foodhyd.2023.109159
https://doi.org/10.1016/j.ijbiomac.2019.03.203
https://doi.org/10.1007/s10965-019-1770-0
https://doi.org/10.3390/polym17010110
https://www.ncbi.nlm.nih.gov/pubmed/39795513
https://doi.org/10.1016/j.carbpol.2009.12.006
https://doi.org/10.1016/j.foodchem.2025.143177
https://doi.org/10.3390/polym15071754
https://doi.org/10.1002/app.56941
https://doi.org/10.1016/j.biortech.2019.122222
https://doi.org/10.1016/j.procbio.2022.01.003
https://doi.org/10.1007/s10008-012-1851-z
https://doi.org/10.1016/j.jnoncrysol.2010.09.030
https://doi.org/10.1016/j.foodchem.2023.135765
https://www.ncbi.nlm.nih.gov/pubmed/36854239
https://doi.org/10.1016/j.foodhyd.2021.106914


Foods 2025, 14, 2228 20 of 21

47. Wei, Q.; Zheng, H.; Han, X.; Zheng, C.; Huang, C.; Jin, Z.; Li, Y.; Zhou, J. Octenyl Succinic Anhydride Modified Starch with
Excellent Emulsifying Properties Prepared by Selective Hydrolysis of Supramolecular Immobilized Enzyme. Int. J. Biol. Macromol.
2023, 232, 123383. [CrossRef] [PubMed]

48. Liu, L.; Lu, J.; Zhang, Y.; Liang, H.; Liang, D.; Jiang, J.; Lu, Q.; Quirino, R.L.; Zhang, C. Thermosetting Polyurethanes Prepared
with the Aid of a Fully Bio-Based Emulsifier with High Bio-Content, High Solid Content, and Superior Mechanical Properties.
Green Chem. 2019, 21, 526–537. [CrossRef]

49. Jain, S.; Winuprasith, T.; Suphantharika, M. Encapsulation of Lycopene in Emulsions and Hydrogel Beads Using Dual Modified
Rice Starch: Characterization, Stability Analysis and Release Behaviour during in-Vitro Digestion. Food Hydrocoll. 2020, 104, 105730.
[CrossRef]

50. Shi, Z.; Wu, J.; Wang, X.; Nie, T.; Zeng, Q.; Yuan, C.; Jin, R. Development of Pickering Water-in-Oil Emulsions Using a Dual
Stabilization of Candelilla Wax and Acylated EGCG Derivatives to Enhance the Survival of Probiotics (Lactobacillus Plantarum)
Powder. Food Funct. 2024, 15, 11141–11157. [CrossRef]

51. Xie, A.-J.; Li, M.-H.; Li, Z.-W.; Yue, X.-Q. A Preparation of Debranched Waxy Maize Starch Derivatives: Effect of Drying
Temperatures on Crystallization and Digestibility. Int. J. Biol. Macromol. 2024, 264, 130684. [CrossRef] [PubMed]

52. Ning, J.; Fu, B.; Tang, X.; Hao, Y.; Zhang, Y.; Wang, X. Starch Retrogradation in Starch-Based Foods: Mechanisms, Influencing
Factors, and Mitigation Strategies. Int. J. Biol. Macromol. 2025, 300, 140354. [CrossRef] [PubMed]

53. Dun, H.; Liang, H.; Zhan, F.; Wei, X.; Chen, Y.; Wan, J.; Ren, Y.; Hu, L.; Li, B. Influence of O/W Emulsion on Gelatinization and
Retrogradation Properties of Rice Starch. Food Hydrocoll. 2020, 103, 105652. [CrossRef]

54. Zhou, J.; Tong, J.; Su, X.; Ren, L. Hydrophobic Starch Nanocrystals Preparations through Crosslinking Modification Using Citric
Acid. Int. J. Biol. Macromol. 2016, 91, 1186–1193. [CrossRef]

55. Bendoraitiene, J.; Lekniute-Kyzike, E.; Rutkaite, R. Biodegradation of Cross-Linked and Cationic Starches. Int. J. Biol. Macromol.
2018, 119, 345–351. [CrossRef]

56. Montoya Yepes, D.F.; Murillo Arango, W.; Jiménez Rodríguez, Á.A.; Méndez Arteaga, J.J.; Aldana Porras, Á.E. Encapsulation of
Phenols of Gulupa Seed Extract Using Acylated Rice Starch: Effect on the Release and Antioxidant Activity. J. Funct. Foods 2021,
87, 104788. [CrossRef]

57. Lemos, P.V.F.; Marcelino, H.R.; Cardoso, L.G.; Souza, C.O.d.; Druzian, J.I. Starch Chemical Modifications Applied to Drug
Delivery Systems: From Fundamentals to FDA-Approved Raw Materials. Int. J. Biol. Macromol. 2021, 184, 218–234. [CrossRef]

58. Moin, A.; Ali, T.M.; Hasnain, A. Enhancing Functional Properties of Rice Starches through Hydroxypropylation for Development
of Reduced-Fat White Sauces. Food Chem. 2024, 446, 138860. [CrossRef]

59. Kamwilaisak, K.; Rittiwut, K.; Jutakridsada, P.; Iamamorphanth, W.; Pimsawat, N.; Knijnenburg, J.T.N.; Theerakulpisut, S.
Rheology, Stability, Antioxidant Properties, and Curcumin Release of Oil-in-Water Pickering Emulsions Stabilized by Rice Starch
Nanoparticles. Int. J. Biol. Macromol. 2022, 214, 370–380. [CrossRef]

60. Chen, Q.; Zong, Z.; Gao, X.; Zhao, Y.; Wang, J. Preparation and Characterization of Nanostarch-Based Green Hard Capsules
Reinforced by Cellulose Nanocrystals. Int. J. Biol. Macromol. 2021, 167, 1241–1247. [CrossRef]

61. Zhong, W.; Wang, Q.; Shen, X. Quinoa Protein/Polysaccharide Electrostatic Complex Stabilized Vegan High Internal Phase
Emulsions for 3D Printing: Role of Complex State and Gelling-Type Polysaccharides. Food Chem. 2024, 434, 137447. [CrossRef]
[PubMed]

62. Ye, J.; Hua, X.; Zhao, Q.; Dong, Z.; Li, Z.; Zhang, W.; Yang, R. Characteristics of Alkali-Extracted Peanut Polysaccharide-Protein
Complexes and Their Ability as Pickering Emulsifiers. Int. J. Biol. Macromol. 2020, 162, 1178–1186. [CrossRef]

63. Tian, L.; Roos, Y.H.; Miao, S. Interaction and Complex Formation of Sonicated Soluble Lentil Protein and Tremella Fuciformis
Polysaccharide. Food Hydrocoll. 2024, 153, 109966. [CrossRef]

64. Lopez-Silva, M.; Bello-Perez, L.A.; Agama-Acevedo, E.; Alvarez-Ramirez, J. Effect of Amylose Content in Morphological,
Functional and Emulsification Properties of OSA Modified Corn Starch. Food Hydrocoll. 2019, 97, 105212. [CrossRef]

65. Jiao, Y.; Li, L.; Cheng, L.; Li, Z.; Li, C.; Gu, Z.; Hong, Y. Correlation between Emulsification and Butyryl Group Distribution in
Various Butyrylated Starches. Food Hydrocoll. 2024, 154, 110098. [CrossRef]

66. Jain, S.; Winuprasith, T.; Suphantharika, M. Design and Synthesis of Modified and Resistant Starch-Based Oil-in-Water Emulsions.
Food Hydrocoll. 2019, 89, 153–162. [CrossRef]

67. Niu, Y.; Gao, Y.; Xiao, Z.; Mao, C.; Wang, H.; Geng, Y.; Ye, Y.; Kou, X. Preparation and Characterisation of Linalool Oil-in-Water
Starch-Based Pickering Emulsions and the Effects of the Addition of Cellulose Nanocrystals on Their Stability. Int. J. Biol.
Macromol. 2023, 247, 125732. [CrossRef]

68. Tong, H.; Wang, J.; Qi, L.; Gao, Q. Starch-Based Janus Particle: Fabrication, Characterization and Interfacial Properties in
Stabilizing Pickering Emulsion. Carbohydr. Polym. 2023, 313, 120867. [CrossRef]

69. Wang, C.; Pei, X.; Tan, J.; Zhang, T.; Zhai, K.; Zhang, F.; Bai, Y.; Deng, Y.; Zhang, B.; Wang, Y.; et al. Thermoresponsive Starch-Based
Particle-Stabilized Pickering High Internal Phase Emulsions as Nutraceutical Containers for Controlled Release. Int. J. Biol.
Macromol. 2020, 146, 171–178. [CrossRef]

https://doi.org/10.1016/j.ijbiomac.2023.123383
https://www.ncbi.nlm.nih.gov/pubmed/36693601
https://doi.org/10.1039/C8GC03560A
https://doi.org/10.1016/j.foodhyd.2020.105730
https://doi.org/10.1039/D4FO01342E
https://doi.org/10.1016/j.ijbiomac.2024.130684
https://www.ncbi.nlm.nih.gov/pubmed/38460647
https://doi.org/10.1016/j.ijbiomac.2025.140354
https://www.ncbi.nlm.nih.gov/pubmed/39870278
https://doi.org/10.1016/j.foodhyd.2020.105652
https://doi.org/10.1016/j.ijbiomac.2016.06.082
https://doi.org/10.1016/j.ijbiomac.2018.07.155
https://doi.org/10.1016/j.jff.2021.104788
https://doi.org/10.1016/j.ijbiomac.2021.06.077
https://doi.org/10.1016/j.foodchem.2024.138860
https://doi.org/10.1016/j.ijbiomac.2022.06.032
https://doi.org/10.1016/j.ijbiomac.2020.11.078
https://doi.org/10.1016/j.foodchem.2023.137447
https://www.ncbi.nlm.nih.gov/pubmed/37716139
https://doi.org/10.1016/j.ijbiomac.2020.06.245
https://doi.org/10.1016/j.foodhyd.2024.109966
https://doi.org/10.1016/j.foodhyd.2019.105212
https://doi.org/10.1016/j.foodhyd.2024.110098
https://doi.org/10.1016/j.foodhyd.2018.10.036
https://doi.org/10.1016/j.ijbiomac.2023.125732
https://doi.org/10.1016/j.carbpol.2023.120867
https://doi.org/10.1016/j.ijbiomac.2019.12.269


Foods 2025, 14, 2228 21 of 21

70. Wang, W.; Zhang, W.; Li, L.; Deng, W.; Liu, M.; Hu, J. Biodegradable Starch-Based Packaging Films Incorporated with
Polyurethane-Encapsulated Essential-Oil Microcapsules for Sustained Food Preservation. Int. J. Biol. Macromol. 2023, 235, 123889.
[CrossRef]

71. Qin, K.; Sun, D.; Wang, C.; Ji, N.; Dai, L.; Qin, Y.; Xiong, L.; Wang, T.; Sun, Q. Properties and in Vitro Digestibility of Starch
Encapsulated in Chitosan-Sodium Phytate Capsules. Food Hydrocoll. 2023, 135, 108127. [CrossRef]

72. Liu, Q.; Luo, H.; Liang, D.; Temirlan, K.; Zheng, Y.; Li, W. Effect of Pretreatment of Maize Starch by Electron Beam Irradiation on
the Formation and Structure of Starch-Oleic Acid-Whey Protein Complex. Food Hydrocoll. 2025, 164, 111217. [CrossRef]

73. Hayashi, M.; Crofts, N.; Oitome, N.F.; Fujita, N. Analyses of Starch Biosynthetic Protein Complexes and Starch Properties from
Developing Mutant Rice Seeds with Minimal Starch Synthase Activities. BMC Plant Biol. 2018, 18, 59. [CrossRef] [PubMed]

74. Thirunavookarasu, N.; Kumar, S.; Anandharaj, A.; Rawson, A. Enhancing Functional Properties of Soy Protein Isolate—Rice
Starch Complex Using Ultrasonication and Its Characterization. Food Bioprocess Technol. 2024, 17, 2619–2630. [CrossRef]

75. Hwang, S.-K.; Koper, K.; Satoh, H.; Okita, T.W. Rice Endosperm Starch Phosphorylase (Pho1) Assembles with Disproportionating
Enzyme (Dpe1) to Form a Protein Complex That Enhances Synthesis of Malto-Oligosaccharides. J. Biol. Chem. 2016, 291,
19994–20007. [CrossRef]

76. Chen, Y.; Pang, Y.; Bao, J. Expression Profiles and Protein Complexes of Starch Biosynthetic Enzymes from White-Core and Waxy
Mutants Induced from High Amylose Indica Rice. Rice Sci. 2020, 27, 152–161. [CrossRef]

77. Zhong, J.; Li, Y.; Qin, X.; Li, J.; Wang, Y. Improving the Freeze–Thaw Stability of Emulsions via Combining Phosphatidylcholine
and Modified Starch: A Combined Experimental and Computational Study. Int. J. Food Sci. Technol. 2022, 57, 1050–1060.
[CrossRef]

78. Li, H.; Gui, Y.; Li, J.; Zhu, Y.; Cui, B.; Guo, L. Modification of Rice Starch Using a Combination of Autoclaving and Triple Enzyme
Treatment: Structural, Physicochemical and Digestibility Properties. Int. J. Biol. Macromol. 2020, 144, 500–508. [CrossRef]

79. Jiang, S.; Yu, Z.; Hu, H.; Lv, J.; Wang, H.; Jiang, S. Adsorption of Procyanidins onto Chitosan-Modified Porous Rice Starch. LWT
2017, 84, 10–17. [CrossRef]

80. Abdul Hadi, N.; Marefati, A.; Matos, M.; Wiege, B.; Rayner, M. Characterization and Stability of Short-Chain Fatty Acids Modified
Starch Pickering Emulsions. Carbohydr. Polym. 2020, 240, 116264. [CrossRef]

81. Rodriguez, A.M.B.; Binks, B.P. Catalysis in Pickering Emulsions. Soft Matter 2020, 16, 10221–10243. [CrossRef]
82. Dong, Y.; Zhang, D.; Li, D.; Jia, H.; Qin, W. Control of Ostwald Ripening. Sci. China Mater. 2023, 66, 1249–1255. [CrossRef]
83. Taghavi, E.; Andriani, C.; Nordin, N.; Awang Seruji, A.Z.R.; Wan Rasdi, N.; Abdul Hadi, N. Rheological and Stability of

Mayonnaise-Based Pickering Emulsions Stabilised by Modified Rice Starch Granules as a Plant-Based Emulsifier. Int. J. Food Sci.
Technol. 2024, 59, 5651–5663. [CrossRef]

84. Ji, Y.; Gao, S.; Li, M.; Xu, Y.; Sun, C.; Hou, H.; Dai, Y.; Wang, W. Development of High Internal Phase Pickering Emulsions Utilizing
Ternary Complexes of Octenyl Succinate Millet Starch/Chitosan Hydrochloride-EGCG Particles and Their Applications in 3D
Printing. Food Chem. 2025, 479, 143648. [CrossRef]

85. Gong, H.; Song, X.; Zhang, J.; Zhang, B.; Zhu, W. Effects of Dry Heat Treatment on Characteristics of Hydrophobically Modified
Rice Starch and Its Emulsification in Pickering Emulsion. Starch—Stärke 2022, 74, 2100131. [CrossRef]

86. Muhammad, Z.; Ramzan, R.; Zhang, R.; Zhang, M. Resistant Starch-Based Edible Coating Composites for Spray-Dried Microen-
capsulation of Lactobacillus Acidophilus, Comparative Assessment of Thermal Protection, In Vitro Digestion and Physicochemical
Characteristics. Coatings 2021, 11, 587. [CrossRef]

87. Wu, L.; Tian, J.; Ye, X.; Fang, H.; Zhang, Z.; Xu, C.; Zhang, H. Encapsulation and Release of Curcumin with the Mixture of Porous
Rice Starch and Xanthan Gum. Starch—Stärke 2021, 73, 2000042. [CrossRef]

88. Espinosa-Solís, V.; García-Tejeda, Y.V.; Portilla-Rivera, O.M.; Barrera-Figueroa, V. Tailoring Olive Oil Microcapsules via Microflu-
idization of Pickering o/w Emulsions. Food Bioprocess Technol. 2021, 14, 1835–1843. [CrossRef]

89. Ashwar, B.A.; Gani, A.; Gani, A.; Shah, A.; Masoodi, F.A. Production of RS4 from Rice Starch and Its Utilization as an Encapsulating
Agent for Targeted Delivery of Probiotics. Food Chem. 2018, 239, 287–294. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ijbiomac.2023.123889
https://doi.org/10.1016/j.foodhyd.2022.108127
https://doi.org/10.1016/j.foodhyd.2025.111217
https://doi.org/10.1186/s12870-018-1270-0
https://www.ncbi.nlm.nih.gov/pubmed/29636002
https://doi.org/10.1007/s11947-023-03280-1
https://doi.org/10.1074/jbc.M116.735449
https://doi.org/10.1016/j.rsci.2020.01.006
https://doi.org/10.1111/ijfs.15468
https://doi.org/10.1016/j.ijbiomac.2019.12.112
https://doi.org/10.1016/j.lwt.2017.05.047
https://doi.org/10.1016/j.carbpol.2020.116264
https://doi.org/10.1039/D0SM01636E
https://doi.org/10.1007/s40843-022-2233-3
https://doi.org/10.1111/ijfs.17292
https://doi.org/10.1016/j.foodchem.2025.143648
https://doi.org/10.1002/star.202100131
https://doi.org/10.3390/coatings11050587
https://doi.org/10.1002/star.202000042
https://doi.org/10.1007/s11947-021-02673-4
https://doi.org/10.1016/j.foodchem.2017.06.110

	Introduction 
	Physicochemical Properties and Limitations of Rice Starch 
	Classification of Starch 
	Classification of Rice Starch: Ordinary and Special Varieties 
	Applications of Rice Starch 

	Driving Effect of Interfacial Properties on the Functional Enhancement of Rice Starch 
	Limitations of Rice Starch 
	Functional Enhancement of Rice Starch via Emulsion Technology 
	Imparting Interfacial Activity to Rice Starch 
	Inhibition of Rice Starch Retrogradation 
	Enhance Environmental Adaptability 
	Expanding Functional Applications 


	Application Mode of Starch in Emulsion Systems 
	Polysaccharide–Protein Complexes 
	Modified Starch 
	Starch-Based Pickering Emulsion 
	Preparation of Starch-Based Microcapsules 

	Conclusions and Outlook 
	Summary 
	Future Prospects 

	References

