Pre prints.org

Review Not peer-reviewed version

Recent Advances in Ultrasound-
Induced Protein-Polysaccharide
Complexes and Their Potential
Implications for Food Industry
Innovations

Qiufang_Liang , Panpan Cao, Yunxia Du , Haile Ma , Abdur Rehman , Mingming_Zhong , Yufan Sun,

Xiaofeng Ren i
Posted Date: 4 June 2026
doi: 10.20944/preprints202606.0352.v1

Keywords: protein-polysaccharide complexes; ultrasound; covalent and non-covalent interaction; techno-
functional properties; food applications

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC, OpenAlex.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/2186064
https://sciprofiles.com/profile/4851928
https://sciprofiles.com/profile/956757
https://sciprofiles.com/profile/885153
https://sciprofiles.com/profile/4303570
https://sciprofiles.com/profile/4306299
https://sciprofiles.com/profile/2185792
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 June 2026 d0i:10.20944/preprints202606.0352.v1

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.

Review

Recent Advances in Ultrasound-Induced Protein-
Polysaccharide Complexes and Their Potential
Implications for Food Industry Innovations

Qiufang Liang 1, Panpan Cao !, Yunxia Du !, Haile Ma 2, Abdur Rehman !, Mingming Zhong ?,
Yufan Sun ! and Xiaofeng Ren 12*

1 School of Food and Biological Engineering, Jiangsu University, 301 Xuefu Road, Zhenjiang, Jiangsu 212013,
China
2 Institute of Food Physical Processing, Jiangsu University, 301 Xuefu Road, Zhenjiang, Jiangsu 212013, China

* Correspondence: renxiaofeng@ujs.edu.cn

Abstract

Proteins and polysaccharides represent fundamental biopolymers in food systems, whose
interactions critically determine structural and nutritional properties. While conventional reviews
have extensively examined protein-polysaccharide complexes (PPC), few have systematically
addressed the role of modern physical processing techniques, particularly ultrasound, in modulating
these interactions. As an emerging non-thermal technology, ultrasound induces unique cavitation
and mechanical effects that profoundly influence both covalent and non-covalent interactions
between proteins and polysaccharides, enabling the formation of novel structural complexes with
enhanced functional attributes. This review uniquely focuses on the mechanistic pathways through
which ultrasound promotes protein-polysaccharide complexation, systematically detailing its impact
on covalent and non-covalent interactions, and resultant techno-functional properties such as
solubility, emulsification, and foaming. It further explores innovative applications of these complexes
across emulsions, gels, bioactive compound encapsulation, and edible packaging films. Critically,
this work identifies specific future research priorities, including the correlation between ultrasound
parameters and interaction dynamics, synergistic use of ultrasound with complementary processing
methods, structural identification of novel conjugates, and in vivo digestion and safety evaluation of
ultrasound-modified complexes. By integrating mechanistic insights with application-oriented
analysis, this review provides a foundational framework for advancing the design of functional
protein-polysaccharide systems using ultrasound, supporting ongoing innovation in sustainable
food science.

Keywords: protein-polysaccharide complexes; ultrasound; covalent and non-covalent interaction;
techno-functional properties; food applications

1. Introduction

Proteins and polysaccharides constitute two essential classes of biological macromolecules in
food systems. Natural proteins, predominantly sourced from animal-derived products (e.g., meat,
fish, dairy) and plant-based materials (e.g., legumes, nuts), serve dual roles as nutrient providers and
functional modulators [1]. Their unique three-dimensional conformations govern physicochemical
properties that directly influence textural characteristics, flavor retention, and processing stability.
Polysaccharides, which are complex carbohydrates composed of monosaccharide units linked by
glycosidic bonds, are primarily extracted from diverse sources such as cereal grains, tubers, and fruits
[2]. Common polysaccharides like starch [3], sodium alginate [4] pectin [5], and chitosan [6] are
widely utilized in food and biomedicine due to their abundance, renewability, biodegradability, and
health-promoting effects, such as prebiotic activity and immune modulation. Their broad
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applications span food systems (e.g., as thickeners, stabilizers, and edible films) and biomedical fields
(e.g., drug delivery carriers), underscoring their functional versatility [7].

Recent investigations indicate that protein-polysaccharide complexes (PPC) not only preserve
the nutritional attributes of their constituent macromolecules but also demonstrate enhanced
functional characteristics compared to individual components (Figure 1A) [8,9]. These complexes
play a crucial role in controlling the macroscopic properties of food, such as stability, texture, and
flavor, and are instrumental in developing delivery systems for bioactive compounds [10], producing
edible packaging [11], and supporting biological functions [12]. The formation of these complexes
relies on various intermolecular interactions, including covalent bonds, electrostatic forces,
hydrophobic interactions, hydrogen bonding, and van der Waals forces, which are influenced by
factors such as biopolymer concentration, pH, and ionic strength [13]. Therefore, it is essential to
develop efficient strategies for precisely manipulating the interactions between proteins and
polysaccharides to fabricate multi-functional complexes.
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Figure 1. (A) Schematic overview of the primary sources of proteins and polysaccharides, and the enhanced
functional properties and diverse applications of their complexes. (B) Annual publication trends from 2015 to
2024 on ultrasound-treated proteins, polysaccharides, and their binary complexes (data sourced from the Science
Direct database).

The emergence of interdisciplinary approaches has promoted the application of advanced
physical processing technologies, including ultra-high pressure [14], microwave [15], cold plasma[16]
and ultrasound [17], into food research. Among these, ultrasound stands out as an eco-friendly,
efficient, and versatile technology that has been extensively applied in extraction [17], enzymatic
hydrolysis [18], and fermentation [19]. Substantial evidence indicates that ultrasound can modify the
structural characteristics of various proteins and polysaccharides, such as soy protein isolate (SPI)
[20], Beef Tenderloins protein [21], pectin [22] and starch [23], thereby modulating their
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physicochemical and techno-functional properties. Furthermore, bibliometric analysis of Web of
Science literature over the past decade (Figure 1B) reveals a consistent growth in publications related
to ultrasound-treated proteins, polysaccharides, and their binary complexes, reflecting increasing
recognition of this field. However, studies focusing on individual components significantly
outnumber those dedicated to binary composite systems. This disparity not only highlights a notable
research gap but also underscores the considerable potential for investigating ultrasound-mediated
PPC.

While previous reviews have covered the general effects of ultrasound on individual
biopolymers or traditional complexation methods for PPC [24,25], a critical and systematic
examination of the specific role of ultrasound in driving and modulating protein-polysaccharide
interactions is notably absent from the literature. Existing reviews often treat ultrasound as a
peripheral technique or focus narrowly on its application in modifying single components, thereby
failing to address the unique synergistic effects and mechanistic pathways that emerge specifically in
binary composite systems under sonication. To the best of our knowledge, no comprehensive review
has hitherto been dedicated to synthesizing the mechanisms, functional property enhancements, and
diverse applications of complexes formed specifically via ultrasound-induced interactions between
proteins and polysaccharides. This critical gap is explicitly highlighted in the comparative overview
provided in Table 1, which delineates the unique contributions of this review against the backdrop
of earlier studies.

Table 1. Comparative overview of this review versus earlier related reviews.

Aspect Earlier Reviews This Review
Often focused on individual biopolymers Systematically focuses on ultrasound-
Scope (proteins or polysaccharides) or general induced binary protein-polysaccharide
complexation methods [26,27]. complexes.
Lo Limited or fragmented coverage of Comprehensively details ultrasound's
Mechanistic , . .
. ultrasound's role in modulating effects on both covalent and non-
emphasis . . . .
interactions [28,29]. covalent interaction pathways.
. Broad overview of techno-functional In-depth analysis of ultrasound-
Functional . . e o cpe
roperties properties without ultrasound-specific enhanced solubility, emulsification, and
prop analysis [27,30]. foaming properties.
L General applications in food systems; Advanced applications in emulsions,
Application .. . ) . . .
limited linkage to ultrasound processing  gels, encapsulation, and edible films
focus
[30,31]. enabled by ultrasound.
. . Specific, prioritized research directions
Generic recommendations for future . .
Future Outlook (e.g., parameter-function correlation,

research [30]. safety, scale-up).

Therefore, this review aims to address this gap by elucidating the mechanistic pathways through
which ultrasound promotes both covalent and non-covalent interactions between proteins and
polysaccharides. It systematically details the effects of ultrasound on the functional properties of the
resulting complexes, such as solubility, emulsification, and foaming capacity, and explores their
advanced applications in emulsions, gels, bioactive compound encapsulation, and packaging films.
Finally, specific future research priorities are outlined to guide the development of innovative and
sustainable food systems based on ultrasound-assisted PPC.

2. Underlying Mechanisms of Ultrasound in the Formation of PPC

2.1. Acoustic Cavitation, Mechanical and Chemical Effects

Ultrasound is defined as an elastic wave with a vibration frequency exceeding the upper
threshold of human auditory perception, typically from 16 kHz to 10 MHz [32]. In protein-
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polysaccharide systems, high-intensity ultrasound (20-100 kHz, 10-1000 W/cm?) operates primarily
through three interrelated mechanisms, namely cavitation, mechanical, and chemical effects, with
acoustic cavitation being the foundational phenomenon [33,34]. This implosive collapse generates
extreme local conditions, including temperatures of 2000-5000 K and pressures of 300-1200 bar, and
gives rise to intense shear forces, micro-jets, and turbulence [35,36]. The extreme local conditions and
intense physical forces generated by cavitation bubble collapse are directly responsible for the
prominent mechanical effects. This combination preferentially disrupts rigid structural elements in
biopolymers, promoting protein unfolding and polysaccharide scission [37,38]. The resultant increase
in molecular flexibility and exposure of buried functional groups, coupled with cavitation-induced
micro-turbulence, collectively enhance molecular interaction and complex formation by dramatically
increasing collision frequency and reducing diffusion limitations [27]. Beyond these structural and
kinetic impacts, ultrasound also generates significant thermal and chemical effects. The propagation
of ultrasound inevitably induces thermal effects due to continuous energy absorption, and an
appropriate temperature rise can facilitate faster reaction rates and boost enzyme activity
[39]. Concurrently, the radical species generated from acoustic cavitation can initiate specific
chemical interactions, such as facilitating the covalent conjugation between proteins and
polyphenols, and promoting the Maillard reaction between proteins and polysaccharides [40]. These
interconnected mechanisms are exemplified in practical applications. For instance, the work by Ding
et al. on soybean protein isolate demonstrates how cavitation and mechanical effects synergistically
enhance extraction efficiency and modify protein structures [41]. Similarly, the improved grafting
efficiency in tea pectin-egg white protein conjugates [42] and the accelerated Maillard reaction in
sweet potato protein hydrolysates underscore the critical role of ultrasound-induced chemical and
thermal effects in improving reaction efficiency and product functionality [43]. It is worth noting that
while ultrasound, high-pressure, and cold plasma all fall under the umbrella of non-thermal physical
processing technologies, their mechanisms and resultant effects on protein-polysaccharide systems
differ markedly. High-pressure processing induces conformational changes in biopolymers through
uniform hydrostatic pressure, often enhancing hydrogen bonding and hydrophobic interactions
without covalent bond formation [44]. Cold plasma modifies surface chemistry via reactive oxygen
and nitrogen species, promoting cross-linking and functional group oxidation [45]. In contrast,
ultrasound combines mechanical shear, microjetting, and free radical generation, enabling both
structural disruption and covalent conjugation (e.g., Maillard reaction) in a single treatment. These
differences underscore the need for technology-specific optimization when designing functional PPC.

2.2. Optimization of Ultrasonic Parameters for the Complex Formation

To achieve optimal processing results, various ultrasound working parameters such as
ultrasound mode, power, frequency, working time, and amplitude are extensively researched. The
majority of research has conducted single-factor experiments or orthogonal tests to refine the
ultrasound parameters for optimal processing outcomes [46]. Manoj et al. investigated the
preparation of whey protein isolate-gellan gum complexes using ultrasound-assisted thermal
treatment [47]. Through single-factor experiments, they identified the optimal ultrasound treatment
conditions for the degree of glycation of the conjugate as a power of 400 W, a temperature of 70°C, a
duty cycle of 50%, and a total treatment time of 60 min. These parameters directly influence the extent
of structural modification in proteins and polysaccharides, thereby affecting the interaction forces
and functional properties of the resulting complexes.

Furthermore, in alignment with the varied methodologies for ultrasound generation, two
principal types of ultrasound equipment have been developed, namely probe-based ultrasound
system and bath-based ultrasound system (Figure 2B) [48]. The choice of equipment significantly
affects the efficiency of PPC formation. Probe ultrasound has extensive applications in the treatment
of small volume samples, as its piezoelectric transducer can be directly immersed into the solvent. In
comparison to the ultrasound bath, the ultrasound probe exhibits a more robust mass transfer effect
and greater ultrasound power. This is primarily because the ultrasound probe should be directly
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immersed in the solution, which enhances the contact area with the material and minimizes mass
transfer loss [49]. This is particularly beneficial for promoting interactions between proteins and
polysaccharides. Although the ultrasound apparatus of the probe presents certain inherent
drawbacks, such as the significant rise of the temperature in the treated sample that could negatively
impact its integrity, as well as the inconsistency in the ultrasound exposure received by the sample
[50]. In addition to the aforementioned ultrasound equipment, our research group has also innovated
several novel ultrasound devices, including pulsed ultrasound equipment, swept frequency
ultrasound equipment, sequential multi-frequency ultrasound equipment, and synchronous multi-
frequency ultrasound equipment, among others, which have been thoroughly detailed in previous
reviews [51]. These advanced systems offer improved energy distribution and treatment uniformity,
which are advantageous for controlling the interaction between proteins and polysaccharides. In
contrast to fixed frequency ultrasound, the energy distribution of sweep frequency and multi-
frequency ultrasound exhibits greater uniformity, facilitating a more effective resonance within the
material [52]. A novel dual-frequency (20/40 kHz) pulsed ultrasound strategy was employed to
fabricate zein-pectin nanoemulsions for kaempferol loading [53]. This approach proved more
effective than the conventional single-frequency continuous mode, yielding superior outcomes in key
metrics including EAI ESI, embedding rate, antioxidant activity (hydroxyl radical scavenging), zeta
potential, and particle size. The implosion of cavitation bubbles induced by low-frequency irradiation
has the potential to generate not only new cavitation nuclei for its own process but also for other
ultrasound irradiations. Consequently, the implementation of multi-frequency operation may yield
a greater cavitation output compared to conventional mono-frequency irradiation [54]. Generally
speaking, by focusing on various food raw materials, a meticulous design of ultrasound equipment
that leverages the inherent properties of ultrasound can yield more vigorous and uniform cavitation
activities, presenting promising opportunities for enhancing protein—polysaccharide interactions in
food production and related scientific research.

WYY

I Changes in protein st sl 1 Paticthonal pi— 4

Figure 2. (A) Fundamental mechanisms of ultrasound action: illustrating the physical (e.g., shear, microjets),
mechanical (e.g., turbulence), and chemical (e.g., radical generation) effects arising from acoustic cavitation. (B)
Classification of common ultrasound equipment types (probe vs. bath-based systems) used in the preparation
of PPC.
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3. Ultrasound-Assisted Preparation of PPC by Changing Intermolecular
Interactions

It is well known that there may be synergistic or antagonistic interactions between different
types of biopolymers, resulting in great changes in the functional properties of PPC. The formation
of PPC is mainly through intermolecular interactions, which can be divided into two types of
intermolecular non-covalent and covalent forces[55,56]. Proteins and polysaccharides are
macromolecules with spatial structure. The effect of ultrasound on PPC systems essentially involved
altering the structures of native macromolecular proteins and polysaccharides to modulate the
exposure of interaction sites, thereby influencing their intermolecular interactions (Figure 3A). An in-
depth understanding of how ultrasound regulates the interaction between proteins and
polysaccharides will be conducive to the manipulation of novel structures and physicochemical
properties of PPC in food systems.
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Figure 3. Schematic illustration of the mechanisms underlying ultrasound-assisted protein-polysaccharide
complexation. (A) Proposed mechanism for the structural modification of proteins and polysaccharides induced
by ultrasound. (B) Primary configurations of non-covalent complexes mediated by electrostatic, hydrophobic,
hydrogen bonding, and van der Waals interactions. (C) Principal pathways for the preparation of covalent
complexes, including chemical crosslinking, enzymatic crosslinking, and the Maillard reaction. (D) Detailed

chemical process of the Maillard reaction between proteins and polysaccharides.
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3.1. Ultrasound-Assisted Preparation of Non-Covalent PPC (NPP)

The non-covalent interaction between proteins and polysaccharides often transpires in solution,
leading to a homogeneous or heterogeneous state, which may result in one of the configurations
shown in Figure 3B. This process of dynamic equilibrium encompasses electrostatic contacts,
hydrophobic interactions, van der Waals forces, or hydrogen bonds, contingent upon the
characteristics of the biopolymers and the ambient circumstances [57]. At low concentrations of
proteins and polysaccharides in the solution, both components are co-soluble and stable owing to the
prevailing mixing entropy [57,58]. With a rise in biopolymer concentration, either association or
separation can transpire. A robust attraction exists between oppositely charged protein and
polysaccharide molecules, leading to their electrostatic complexation [57]. This process initially
results in the formation of soluble complexes that can be stabilized in solutions. As the system's free
energy decreases, the primary soluble macromolecular complex further interact with each other,
forming electrically neutral aggregates, which culminates in phase separation, referred to as
aggregation or associative phase separation [58]. Conversely, biopolymers with identical charges
would induce significant electrostatic repulsion between protein and polysaccharide molecules,
leading to phase separation and the establishment of a biphasic solution, wherein each phase
comprises a biological macromolecule [59]. Moreover, the hydrogen bond is a weak contact force
resulting from the partial positive charge of a hydrogen atom attracting atoms with greater
electronegativity in a different molecule. The pH value of a solution above the protein's isoelectric
point can impart a negative charge to the protein, similar to that of the polysaccharide, leading to the
formation of a hydrogen bond between the protein and the polysaccharide. The van der Waals force
arises from weak electrostatic interactions between permanent and instantaneous dipoles of adjacent
molecules, and when the molecules approach one another, the gravitational attraction intensifies. The
connection between the hydrophobic groups of proteins and polysaccharides is termed hydrophobic
interaction, often occurring when the hydrophobic groups are exposed owing to structural changes
in proteins and polysaccharides, influenced by the external environment [60].

The environmental conditions and physicochemical properties of proteins and polysaccharides
significantly influence the interaction of NPP. For instance, Wang, et al. [61] indicated that hydrogen
bonding was the primary force in the interaction between okra polysaccharide and myofibrillar
protein. The incorporation of okra polysaccharide revealed the hydrophobic groups of myofibrillar
protein and enhanced the quantity of hydrophobic interactions between the two components. The
heat treatment of myofibrillar protein, along with the incorporation of varying proportions of okra
polysaccharide, altered the interactions between these components to different extents. This included
changes in ionic bonds, hydrogen bonds, disulfide bonds, and hydrophobic interactions, which in
turn influenced the gel properties of myofibrillar protein. In recent years, ultrasound has been
increasingly utilized to modulate the intermolecular forces between proteins and polysaccharides.
Kang et al. conducted a study on the impact of ultrasound on the mechanical, structural, and
physicochemical properties of pullulan/oat protein/nisin composite film. The findings indicated that
ultrasound disrupted the original macromolecular structure of pullulan and oat protein, significantly
enhancing the intermolecular hydrogen bonding force [62]. This alteration resulted in the
rearrangement and aggregation of macromolecular substances. Numerous scientific reports indicate
that hydrogen bonds, electrostatic interactions, and hydrophobic effects serve as the primary driving
forces behind the formation of resveratrol-zein-gum Arabic colloidal nanoparticles. Furthermore,
ultrasound treatment notably improved the hydrogen bond and electrostatic interaction, leading to
the development of ternary composite nanoparticles characterized by small particle size and uniform
density [63]. Although numerous studies confirm ultrasound’s ability to modulate non-covalent
interactions [64-66], the direction and magnitude of these effects appear context-dependent and
occasionally contradictory. For instance, while Kang et al. reported enhanced hydrogen bonding in
pullulan/oat protein composites [47], other systems exhibited ultrasound-induced disruption of
electrostatic complexes due to cavitation shear [67]. This variability suggested that ultrasound’s
impact depended critically on the relative strength of existing interactions and the structural rigidity
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of the biopolymers involved. A major limitation in this domain is the indirect nature of interaction
measurements (e.g., through spectroscopic shifts or solubility changes), which provided
circumstantial evidence but failed to quantify binding affinities or kinetics directly. Future work
should employ techniques like isothermal titration calorimetry or surface plasmon resonance to
establish causative relationships between ultrasonic parameters and interaction energetics.

3.2. Ultrasound-Assisted Preparation of Covalent PPC (CPP)

The covalent interaction that occurs between proteins and polysaccharides fundamentally
constitutes a glycosylation reaction. The creation of covalent complexes between proteins and
polysaccharides can enhance their rheological characteristics, emulsifying capabilities, foaming
abilities, thermal stability, and various other processing attributes, surpassing the performance of the
individual components alone [68,69]. The preparation methods of CPP usually include chemical
crosslinking, Maillard reaction and enzyme crosslinking (Figure 3C). In general, a condensation
reaction transpires between the neutral amino group of a protein molecule, particularly the z-amino
group of lysine, and the electrophilic carbonyl group of a polysaccharide molecule, resulting in the
formation of N-glucosamine and the release of a water molecule. This unstable N-glucosamine
experiences an irreversible Amadori electron rearrangement, resulting in the formation of a PPC
characterized by a 1-amino-1-deoxyketo sugar structure (Figure 3D) [70]. In the context of preparing
PPC through the Maillard reaction, it is noteworthy that polysaccharides, characterized by their
diminished reducibility and pronounced molecular steric hindrance, tend to limit the Maillard
reaction to its preliminary phase. This phenomenon effectively hinders the formation of colored
compounds [71]. Moreover, the steric hindrance presented by polysaccharides serves to inhibit the
transition denaturation and aggregation of proteins to a degree, thereby safeguarding the intrinsic
functional properties of the proteins themselves [82]. Moreover, the conditions under which the
Maillard reaction occurs are relatively gentle. It has been observed that, aside from the newly
established covalent bond (N-C), the overall structure of the original protein molecule remains
largely unaltered, and no detrimental or toxic byproducts of the Maillard reaction have been
produced. The enzymatic method for the preparation of CPP offers notable advantages, including
high efficiency, robust safety, and elevated specificity. The enzymes frequently employed include
peroxidase, microbial transglutaminase, and laccase. Using the preparation of CPP via glutaminase
as an example, the underlying principle involves the catalysis of the acyl transfer reaction between
the acyl donor present in the protein polypeptide chain and the primary amino group on the amino
sugar. This process aims to incorporate the sugar molecule with the primary amino group into the
protein molecule, thereby resulting in the formation of the glycosylated protein[83,84].

Ultrasound is extensively employed to enhance the covalent interaction between proteins and
polysaccharides for the preparation of CPP. Over the last ten years, the synthesis of CPP through
ultrasound-assisted Maillard reaction has garnered increasing interest within the food industry. The
pertinent research is presented in Table 2, which indicates that the PPC synthesized through
ultrasound-assisted Maillard reaction exhibit superior performance compared to the products
derived from conventional methods. For instance, ultrasound treatment not only accelerates the
glycosylation reaction between whey protein isolate (WPI) and gum Arabic (a grafting degree of
11.20% could be achieved with only 20 min of ultrasound treatment, compared to 48 hours required
for conventional heating) (Figure 4A), but also enhanced the solubility and emulsifying activity of
the resulting complexes [85]. In a separate work, the enzymatic hydrolysate derived from chicken
liver protein underwent ultrasound treatment at an output power of 200 W for a duration of 12 min,
which was subsequently combined with xylose in a 1:1 ratio to facilitate the Maillard reaction. The
findings indicated that the application of ultrasound treatment resulted in an enhanced degree of the
Maillard reaction, optimized amino acid utilization, and diversified the array of volatile compounds
produced [69]. The combination of myofibrillar protein and dextran underwent ultrasound treatment
prior to the wet thermal reaction and in contrast to traditional heating methods, ultrasound treatment
increased the degree of graft and the content of advanced Maillard reaction products in a reduced
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timeframe. The explanation was linked to a significant unfolding of the protein due to ultrasound
treatment, the reduction of a-helix content, and the increased exposure of a large number of amino
acids containing hydrophobic and sulfhydryl groups to the glycosylation reaction (Figure 4B-C) [86].
This was substantiated through secondary structure analysis, endogenous fluorescence analysis, and
browning intensity analysis experiments. It is worth noting that, in addition to influencing the flavor,
color, and structure of the formed PPC, Habinshuti et al. also reported that ultrasound altered the
molecular weight distribution of the conjugates, leading to a higher proportion of lower molecular
weight fractions (200-3,000 Da) [43] (Figure 4D). Moreover, ultrasound was also employed to
facilitate the combination of transglutaminase for the treatment of Qingke protein. The findings
indicated that ultrasound enhanced the cross-linking degree of Qingke protein through the action of
transglutaminase, significantly augmenting its water and oil holding capacity, apparent viscosity,
foaming ability, and EAL It was unexpected to discover that when the quantity of gluten incorporated
ranged from 60 g/kg to 70 g/kg, the noodle quality of Qingke protein closely resembled that of wheat
noodles by treating with a combination of ultrasound and transglutaminase, which might be
attributed to the alteration of the Qingke protein structure [87]. The alteration of peanut protein
structure through ultrasound synergistic transglutaminase has significantly enhanced the quality of
its resultant products [88]. It is readily apparent that a significant portion of current research
regarding ultrasound-assisted preparation of CPP focuses on the refinement of ultrasound
parameters, as well as the exploration of the structural and functional characteristics of modified
proteins. A significant, though underdiscussed, limitation of ultrasound-assisted Maillard reaction is
the poor controllability over reaction regioselectivity and product composition. While ultrasound
accelerates glycosylation, it also promotes side reactions, including advanced glycation end product
(AGE) formation, which may impart undesirable color, flavor, or potential health concerns. The study
by Habinshuti et al. [43] revealing a shift toward lower molecular weight fractions underscores
ultrasound’s potential to fragment biopolymers, raising questions about whether functional
improvements come at the cost of structural integrity. Moreover, current literature predominantly
reports successful cases, leaving failures or optimization challenges largely undocumented. This
publication bias limits understanding of ultrasound’s boundaries. Future research should pay more
attention on the separation, purification, and identification of novel CPP substances synthesized
through ultrasound-assisted methods, followed by the assessment of their safety or toxicity.

Table 2. The PPC prepared by ultrasound-assisted Maillard reaction showed better properties compared to the
products obtained by the traditional method.

. Conventional Ultrasound
Biopolymer Sources method conditions Results References
Glycosylation
Protein: Ovalbumin (OVA) L M8/MLOEOVA o1, 1895 degree (DG)T,
i 3:1 of XY/OVA, pH ) . [72]
Polysaccharides: Xylose (XY) 7.0. 50 °C W, 61.2 min foaming 1,
w emulsifying 1
Solubility 1,
foaming properties
Protein: watermelon seed 10 mg/mL of. WPI, 25 kHz, 100-300 1, emuls%fylng
protein WPI-GA ratio 1:1, W. 10-60 min properties 1, [73]
Polysaccharides: glucose (GL) ~ pH 10, 90 °C ! thermal stability 1,
antioxidant
activities 1
. 0.5-1.5 mg/mL of DG 1, the
Protein: WP WPIL WPI-GG  100-500 W, 20-80  emulsifying 1,
Polysaccharides: Gellan gum . . ) [74]
(GG ratio 1:2, pH 10, min foaming 1,
) 70°C solubility 1
Protein: Pea protein isolate 10 mg/mL of 150-450 W, 5 Solubilityt, 73]
(PPI) Polysaccharides: GL ~ WPL PPI-GL ratio min hydrophobicityf,
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5:1, pH 10, 80°C, 0, DG?, foaming?,

6,12,18,and 24 h emulsification 1
' ' 10 mg/mL of Solubl.ht}./ 1,
Protein: Mung bean protein emulsifying

MBPI, MBPI-GL 20 kHz, 100-450

isol BPI
isolates (MBPI) ratio 1:1, pH 7.8, 24 W, 10-20 min

Polysaccharides: GL

activity 1, emulsion [76]
stability 1, surface

h o
and 80°C hydrophobicity 1
20 mg/mL of .
Protein: Goat whey protein =~ MBPI, MBPI-GL 22_0205 VI;leé 25%0_ lzsl&;(g?:tlil;zTT' [77]
(GWP) Polysaccharides: GA  ratio 4:3, pH 7, g . ’
min foaming?

80°C

Protein: Smooth hound viscera 20 mg/mL of SHV, 25kHz, 160 W DG 1, antioxidant

protein (SHV) hydrolysates SHV-SU ratio 1:1, /cm2, 30 min, activity 1 [78]
Polysaccharides: Sucrose (SU) 2 h and 90°C 40°C ty
Protein: Chinese giant 10 mg/mL of DG 1, surface
salamander skin collagen (  CGSS, CGSS-GL- hydrophobicity 1
; 600 W, 1 h, 80°C ’ 79
CGSS) XY ratio 0.3:7.5:7.5, antioxidant activity 7]
Polysaccharides: G /XY 1 h and 80°C 1
Protein: Mussel meat protein 30 mg/mL of
) P MMP, MMP-GL 25 kHz, 300 W, 2 Antioxidant
hydrolysate (MMP) : . (80]
Polysaccharides: G /XY ratio 97:2:1,2 h h activity 1
Y ' and 115°C, pH 6
50 mg/mL of CLP,
Protein: Chicken liver protein CLP-XY ratio 1:1, . The utilization rate
200 W, 12 _ . 81
(CLP) Polysaccharides: XY 1.5 h and 120°C, M of amino acidst [81]
pH®6
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Figure 4. Effect of ultrasound on the properties of the PPC. Degree of graft (A) [85]; secondary structure

composition (B) and fluorescence absorption and SH content (C) [86]; molecular weight percentage (D) [43].

4. Techno-Functional Properties of Ultrasound-Assisted PPC

It is widely recognized that PPC are extensively utilized in the food industry. These substances
serve as alternatives to fat, acting as emulsifiers, thickeners, or stabilizers, thereby improving the
texture and rheological properties of food products. The advancement of PPC in functional foods
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holds considerable importance, as it can contribute to the structuring of these foods and enhance their
functional properties.

4.1. Solubility Enhancement Through Ultrasound-Assisted Complexation

Solubility, a fundamental characteristic of protein, is intricately linked to its functional qualities,
including emulsification and dispersion [89]. The solubility of protein directly influences its
application in meat processing, beverage production, and other food industries. The equilibrium
between hydrophilicity and hydrophobicity on the protein surface can influence protein solubility.
A reduction in hydrophobic points and an elevation in charge density enhance the water solubility
of protein. Furthermore, at pH levels below and beyond the isoelectric point, increased ion hydration
and electrostatic repulsion result in enhanced protein solubility. The enhancement of protein
structure can directly influence the surface charge and hydrophobicity of protein, thereby impacting
its solubility [90]. In our recent work, it was discovered that ultrasound-assisted pH adjustment
therapy significantly enhanced the levels of (3-sheet, ultraviolet absorbance and fluorescence intensity
in the mulberry leaf protein, resulting in a loose and disordered microstructure of the sample [91].
Consequently, the solubility of the mulberry leaf protein enhanced by 281.74% as compared with the
traditional method. Multiple studies have shown that the covalent bonding between proteins and
polysaccharides may enhance their solubility, leading to the widespread usage of polysaccharides
with high solubility throughout a wide range of pH spectra. The solubility of oat protein isolate (OPI)
was markedly enhanced after covalent contact with Pleurotus ostreatus 3-glucan during wet heating.
At a pH of 5.0, which is near its isoelectric point of 4.7, the solubility of OPI and its conjugates could
reach 10.25% and 50.846%, respectively. The conjugation process altered the lowest solubility of OPI
to a more acidic pH, around 3.0 [92]. In a parallel study, researchers observed a comparable result,
revealing that the conjugation of zein hydrolysate with chitosan oligosaccharides significantly
enhanced its solubility within the pH range of 5-7 [93].

Moreover, ultrasound-assisted glycosylation has been shown to be an efficient, safe, and
straightforward commercial method for generating highly soluble proteins. The solubility of
ovalbumin after ultrasound-assisted glycosylation was much superior to that of the native protein
group, and the solubility progressively improved with extended reaction time, achieving maximum
solubility at 120 min [94]. After the ultrasound-assisted glycosylation of rice protein and dextran, the
solubility of rice protein significantly increased. Ultrasound methods accelerated the glycosylation
process and produced a greater quantity of high molecular weight components compared to the
traditional hydrothermal method, resulting in an increased grafting degree and a reduced percentage
of arginine and lysine [95]. The enhanced solubility, as previously noted, may be elucidated by many
subsequent factors. The attachment of hydrophilic polysaccharides is a universally acknowledged
strategy, but the efficacy is highly dependent on the molecular weight and chain conformation of the
polysaccharide. For instance, large, bulky polysaccharides might provide steric stabilization but
could also hinder effective conjugation or mask functional groups if not properly aligned through
ultrasonic mixing (Figure 5A). Furthermore, while ultrasound generally promotes glycosylation,
excessive energy input can sometimes lead to over-aggregation or surface cross-linking, which
paradoxically reduces solubility, as hinted at by the structural disorder observed in some protein-
polysaccharide systems. This non-linear relationship between ultrasound intensity and solubility
enhancement underscores the need for precise parameter control. A significant knowledge gap
remains in predicting the exact combination of ultrasonic parameters and biopolymer pairs that will
reliably shift the isoelectric point and maximize solubility across a broad pH range, rather than in
isolated conditions.
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Figure 5. Potential mechanisms of ultrasound to enhance the solubility (A), emulsifying properties (B) and
foaming properties (C) of PPC. The microscopic morphologies of the above three diagrams are from Chen. et al.,
[94], Zhou et al. [145] and Zhang et al. [146], respectively.

4.2. Emulsifying Properties Tailored by Ultrasound Treatment

Emulsification is the process whereby one liquid is evenly disseminated in another immiscible
liquid, such as oil in water, in the form of minute droplets, resulting in an emulsion, facilitated by the
addition of a suitable emulsifier and strong agitation [96]. Due to their unique amphiphilic and
nutritional properties, proteins and polysaccharides are among the most accessible natural
components used in food emulsions. Nonetheless, the emulsion cannot be maintained for a
prolonged duration by protein or polysaccharide alone. Certain factors in food processing and the
internal environment may influence protein stability, like inappropriate pH levels, ionic strength,
digestive enzymes, and elevated temperatures that may lead to protein precipitation, aggregation,
hydrolysis, and denaturation, ultimately destabilizing the created emulsion. Despite with excellent
biocompatibility, stability, and low toxicity, several edible polysaccharides possess low surface
activity and high hydrophilicity, rendering them inadequate as emulsifiers. The unique emulsifier
resulting from the interaction between protein and polysaccharide has garnered significant interest,
since it optimally utilizes the benefits of both components and successfully stabilizes the emulsion
[97]. Reports indicate that the synthesized amphiphilic PPC can be securely affixed at the oil-water
interface via the protein's hydrophobic region, resulting in the formation of a viscoelastic layer, while
the polysaccharide region offers substantial steric hindrance to inhibit flocculation and coalescence.
Mahdi, et al. [98] investigated the impacts of gum arabic, maltodextrin, and whey protein on the
characteristics of oil-in-water emulsions containing citrus essential oil. The findings indicated that
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the quality of the emulsion produced by the PPC wall material surpassed that of the emulsion created
using a single wall material. Another research explored the emulsifying characteristics of Maillard
reaction products derived from myofibrillar protein and dextran. They discovered that the molecular
weight of dextran (40, 70, and 150 kDa) was significantly correlated with the emulsifying activity of
the resultant product, with the formulation containing 70 kDa dextran exhibiting the optimal
emulsifying capacity and stability [86].

Compared to conventional methods, ultrasound treatment markedly improved the emulsifying
capacity of the rapeseed protein isolate-dextran conjugate [99]. This enhancement primarily resulted
from ultrasound-facilitated effective conjugation between the components, which promoted the
formation of additional hydroxyl groups and generated honeycomb-like surface structures,
consequently enhancing system hydrophilicity; these synergistic structural modifications collectively
contributed to a substantial increase in interfacial protein adsorption (Figure 5B). The slit divergent
ultrasound was shown to augment the glycosylation process between SPI and lentinan by altering
the secondary structure of soybean protein isolate, hence enhancing its utilization rate. The physical
stability of the emulsion complex was significantly enhanced [100]. Two prominent indices that
characterize the emulsifying properties of PPC are the emulsifying activity index (EAI) and the
emulsion stability index (ESI). The former illustrates the protein's capacity to adsorb at the interface,
whilst the latter demonstrates how the protein imparts strength to the emulsion, enabling it to endure
structural alterations over a certain duration [101]. Multi-frequency power ultrasound was used to
modulate the complexation of sodium caseinate and pectin to enhance the emulsifying characteristics
of the resultant complex. The findings indicated that the EAI and ESI of the caseinate-pectin complex
were elevated by 33.12% and 7.27%, respectively, after ultrasound treatment at a frequency of 60 kHz,
a power density of 50 W/L, and a duration of 25 min [102]. The emulsifying properties of SPI-citrus
pectin complexes are influenced by ultrasound operational parameters, demonstrating a dose-
dependent relationship. In a systematic investigation by Ma et al. [103], the EAI and ESI of SPI-CP
complexes reached maximum values at an ultrasonic power of 630 W, with increases of 44.1% and
24.68%, respectively, whereas a higher power of 720 W resulted in diminished performance. The
dose-dependent relationship between ultrasound intensity and emulsification enhancement presents
both an opportunity and a limitation. As illustrated by Ma et al.,, exceeding an optimal power
threshold (630 W for SPI-CP) diminishes emulsion stability, likely due to protein aggregation and
interfacial film disruption [103]. This non-monotonic response pattern is frequently observed but
rarely predictive, complicating scale-up and generalization. Furthermore, many studies evaluate
emulsification under idealized laboratory conditions (e.g., pure oil phases, standardized pH),
overlooking performance in complex food matrices containing salts, sugars, or competing
surfactants. The exceptional EAI and ESI values reported for model systems may not translate
directly to real foods, where interfacial competition and environmental stressors challenge long-term
stability. This pattern was consistent with observations by Liu et al. [104], who reported that
suboptimal ultrasonic conditions did not improve the emulsifying properties of sodium caseinate-
pectin complexes, indicating a generalizable nonlinear effect of ultrasound on protein-polysaccharide
systems. Collectively, these studies demonstrate that ultrasound-mediated improvements in
emulsifying properties are constrained to a specific operational range rather than following a
monotonic trend. A key challenge in optimizing this technology lies in balancing the constructive and
disruptive effects of cavitation. Currently, identifying optimal ultrasonic parameters for different
PPC combinations relies largely on empirical approaches, as predictive models remain
underdeveloped. Future work should aim to establish quantitative relationships between ultrasonic
parameters, such as power, frequency, duration, and mode, and structural characteristics of the
complexes, including particle size distribution, interfacial behavior, and molecular flexibility.
Advancing the mechanistic understanding of how ultrasound affects protein unfolding,
polysaccharide adsorption, and interfacial rheology will facilitate a shift from empirical optimization
to rational design, ultimately supporting the development of efficient and adaptable ultrasonic
processing strategies for diverse emulsion-based applications.
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4.3. Foaming Characteristics Improved via Ultrasound Modification

The stability of foam formation enhances the product's structure and sensory qualities.
Mayonnaise is a widely recognized culinary item that relies on its capacity to foam, serving as a
concentrated emulsion of oil and water. Proteins are extensively utilized in aeration systems due to
their unique structure, which features hydrophilic groups oriented towards the water phase and
hydrophobic groups directed towards the air phase [105]. The foaming capacity, often referred to as
foaming capacity and foam stability, represents essential characteristics of protein foams. Foaming
stability is essential for maintaining the desired appearance of the foam and can be assessed by
evaluating the reduction in foam volume over time. In contrast, foaming capacity pertains to the
solution's ability to incorporate air, which is generally measured by observing the variation in foam
volume [106]. For optimal foam formation and stability, proteins must diffuse rapidly and adsorb
effectively at the air-water interface to establish a robust adsorption layer. The adsorption of protein
has been demonstrated to be closely dependent on the interaction of particle size, surface
hydrophobicity, molecular flexibility, and surface charge [107]. Natural proteins present challenges
in stabilization at the interface due to inherent structural defects and imbalances in surface
hydrophilicity. A significant body of research has demonstrated that the foaming quality of proteins
can be enhanced through the incorporation of hydrophilic polysaccharides or the application of
ultrasound technology to alter their surface hydrophobicity. Ultrasound-assisted glycosylation
treatment enhanced the foaming ability of brewer's grains protein from 82.22% to 165.10%, while
foam stability improved from 10.60% to 131.20%. The foam collapse rate of proteins treated with
ultrasound-assisted glycosylation was found to be lower compared to those subjected to either
ultrasound or traditional wet-heat glycosylation treatments. It can be concluded that ultrasound and
glycosylation are effective methods for producing brewer's grains protein-maltose conjugates with
outstanding foaming properties [108].

The application of ultrasound-assisted pH-shifting treatment yielded optimal foam performance
in chickpea protein isolate, a phenomenon attributed to the minimized particle size, zeta potential,
interfacial tension, maximum solubility, and enhanced surface hydrophobicity of the treated protein
[109]. Furthermore, the associated rise in free sulfthydryl content and a-helix content facilitated the
adsorption of the treated protein at the gas-liquid interface, thereby contributing to the formation of
a more stable foam. Typically, the three fundamental mechanisms contributing to foam instability
are coalescence, disproportionation (coarsening), and drainage [82]. The adsorption of the PPC at the
interface has the potential to create a more substantial and rigid barrier, thereby effectively
postponing the foam's disproportionation. Moreover, the introduction of polysaccharides can
enhance viscosity and obstruct liquid pathways, consequently diminishing drainage flow and
thereby augmenting foam stability (Figure 5C). The investigation into whey protein-stabilized foam
reveals that incorporating corn starch granules significantly improved the surface charge of the
protein and the turbidity of the system. Additionally, as a microgel particle, corn starch granules
augmented the mechanical properties of the interfacial protein film, consequently prolonging the
foam's stability [110]. Additionally, the investigation into the impact of ultrasound-assisted
incorporation of varying concentrations (0-0.8%, m/v) of flaxseed gum on the foaming characteristics
of egg white protein revealed that the synergy between ultrasound and flaxseed gum significantly
enhanced foaming stability. It is noteworthy that the application of ultrasound treatment in isolation
enhanced the foaming capacity of the protein, albeit at the expense of the stability of the resultant
foam. The incorporation of flaxseed gum resolved this limitation, which significantly diminished the
sulfhydryl content and surface hydrophobicity of egg white protein while enhancing the average
particle size and polydispersity index value, thus refining the protein's microenvironment and
promoting foaming stability [111]. The observation that ultrasound treatment alone enhanced
foaming capacity at the expense of stability suggested a potential mechanism whereby the process
generated protein fragments that adsorbed rapidly but exhibited poor cohesion. The fact that
incorporating polysaccharides such as flaxseed gum resolves this limitation demonstrates that the
functional outcome stems from synergistic interactions with other compositional factors, not from
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ultrasound alone. This insight leads to a more constructive proposition, positing that ultrasound and
polysaccharides play distinct yet complementary roles in modifying protein foaming properties.
Consequently, future research should prioritize the systematic optimization of combined ultrasound
and polysaccharide conditions, thereby moving beyond the fine-tuning of ultrasonic parameters
alone to achieve precise enhancement of foam characteristics. Ultimately, the efficacy and stability of
these model system-based findings within complex food matrices remain a critical unknown, which
constrains their industrial applicability.

5. Application of Sonicated PPC in the Food Industry

Proteins and polysaccharides represent biodegradable biopolymers, characterized by a chain-
like structure that bears resemblance to synthetic constructs. The fundamental components of these
biopolymers consist of linear or branched/cross-linked nucleotides, amino acids, and various sugars.
Previous research has demonstrated that ultrasound treatment can modify the secondary, tertiary,
and spatial configurations of these composite units to a degree by enhancing molecular interactions,
thereby influencing their functional characteristics, including gelation, foaming, emulsification, and
film formation. The alterations in the functional characteristics of PPC induced by ultrasound can
significantly influence their extensive utilization in food emulsions, drug delivery systems,
packaging, and other pertinent domains (Figure 6). Therefore, we further discuss the effect of
ultrasound on the applications of PPC, with expanded coverage of practical implementations,
regulatory considerations, and safety aspects.
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Figure 6. A specific application regarding ultrasound-assisted preparation of PPC.

5.1. Ultrasound-Stabilized Emulsions Using Protein-Polysaccharide Complexes

Ultrasound has been shown to enhance the emulsification efficacy of PPC and to augment the
stability of the resultant emulsion. The PPC combination may undergo ultrasound treatment, which
indirectly influences the stability of the resulting emulsion by altering the intermolecular contact
forces and the macromolecular structure of the complex. Following ultrasound treatment of the fish
myofibrillar protein-xanthan gum mixture, a solution comprising 90% (v/v) ultrasound fish
myofibrillar protein-xanthan gum mixture and 10% (v/v) soybean oil was emulsified at 18,000 rpm.
The results indicated that the emulsion subjected to 300 W ultrasound exhibited optimal stability,
minimal particle size, reduced surface tension (26.7 mNm™), and the highest absolute value of C-
potential (25.4 mV), as corroborated by confocal laser scanning microscopy images [112].
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Ultrasound treatment altered the electrostatic interaction between pectin and whey protein
concentrate. Rheological and turbidimetric analyses indicated that ultrasound diminished the
viscosity of the suspension and the dimensions of the biopolymer complex. The emulsion stabilized
by the ultrasonically prepared complex exhibited shear-thinning behavior, with a slight increase in
apparent viscosity corresponding to elevated oil content, remaining stable over a period of seven
days [113]. Conversely, ultrasound may be used to treat the emulsion created by PPC, which directly
influences the emulsion's stability. Zhao, et al. [114] employed an ultrasound processor to treat the
crude emulsion generated by pea protein isolate-xylan conjugates. In comparison to pea protein
isolate stabilized nanoemulsions, the emulsions resulting from ultrasound treatment exhibited a
smaller average droplet size (189.4 + 0.45 nm), a more uniform droplet distribution, a greater absolute
zeta-potential value (44.8 = 0.22 mV), and an increased interfacial protein adsorption content. An
emulsion stabilized by SPI-pectin complexes underwent high-intensity ultrasound treatment, which
demonstrated enhanced emulsion aggregation, decreased interfacial tension, and reduced apparent
viscosity. Moreover, ultrasound treatment significantly decreased the creaming index and improved
the storage durability of the emulsion [115]. Furthermore, high-intensity ultrasound facilitated the
development of SPI-pectin emulsion gels by augmenting the interaction between SPI and pectin.
Ultrasound treatment altered the crystallinity of the emulsion gel, resulting in a more homogeneous
and denser structure. Ultrasound treatment significantly enhanced the water retention capacity,
chemical stability, and bioavailability of the incorporated -carotene in the emulsion gel [116]. The
emulsion produced by ultrasound-assisted PPC exhibited superior emulsion performance,
attributable to the following factors. Ultrasound facilitated the efficient binding of protein to
hydrophilic polysaccharide, enhanced protein solubility, and elevated the effective concentration and
mobility of protein in the aqueous solution. Secondly, ultrasound revealed the hydrophobic and
hydrophilic groups of the protein by altering its shape. Conformational alterations also provided a
more adaptable structure for proteins, enabling them to move and adsorb to the oil-water interface
more rapidly than native proteins, and to reorganize at the interface membrane. Essentially, emulsion
systems are extensively utilized in a wide range of food products, including meat products,
beverages, sauces, mayonnaise, and dairy items such as ice cream, yogurt, and infant formula. For
instance, Liu et al. investigated the use of water-in-oil-in-water (W/O/W) emulsion gels formed by
sodium caseinate and sodium alginate as fat replacers in fermented sausages [117]. Their findings
demonstrated that incorporating these emulsion gels improved the microstructure and texture of the
sausages, while also reducing cooking loss, pH, and nitrite residue, alongside enhancing water-
holding capacity and antioxidant activity. Similarly, Li et al. [118] employed whey protein emulsion
gel particles as stabilizers and fat substitutes in low-fat yogurt, successfully producing yogurt with
higher firmness and a denser structure compared to control samples. While numerous studies have
highlighted the considerable potential of PPC systems in emulsion applications, practical research on
the real-food application of emulsions stabilized by ultrasound-assisted PPC remains scarce [100].
While laboratory-scale results are promising, significant barriers impede industrial adoption of
ultrasound-stabilized emulsions. Energy consumption for large-volume sonication remains
prohibitive for low-value applications, and the scalability of uniform cavitation distribution in
industrial reactors is technically challenging. Probe systems, though efficient, suffer from erosion and
potential metal contamination, while bath systems exhibit variable spatial energy distribution.
Moreover, most studies assess storage stability over days or weeks, whereas commercial products
require months of shelf life, highlighting a critical gap between research and industrial. Nonetheless,
this area holds significant promise and is of great importance for future advancements.

5.2. Ultrasound-Fabricated Gels and Texturized Foods

Over the last few decades, gels derived from food proteins, such as myofibrillar protein, SPI,
and shrimp protein, along with polysaccharides like alginate, carrageenan, and chitosan, have been
extensively applied to develop various food gel products like meat products, dairy items, gels, tofu,
and more[119,120]. Polysaccharides and proteins are capable of forming gels independently,
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however, the resulting gel is susceptible to environmental influences like salt ions, pH, and heat,
which can lead to a loss of its gel characteristics. In contrast to individual proteins or polysaccharides,
gels formed from protein and polysaccharide combinations demonstrate superior efficacy in
managing gel texture and exhibit a wider range of phase behavior. Additionally, the integration of
the unique benefits of proteins with nutritional roles and polysaccharides exhibiting remarkable
rheological properties guarantees that the composite gel possesses diverse structures and enhanced
nutritional values. For instance, the characteristics of SPI gels are affected by various edible
polysaccharides such as concentrated resins, xanthan gum, and carrageenan. The inclusion of
polysaccharides, particularly xanthan gum, enhanced the support and creep recovery capabilities of
the SPI gel. In comparison to the SPI gel, the resulting hybrid gel exhibited better water retention and
a more robust network structure [121]. Additionally, hot gel polysaccharide and cold gel
polysaccharide exhibited distinct effects on the gelling behaviors of potato protein. The addition of
cold-set polysaccharides, such as agar and gellan gum, resulted in an increase in the shear modulus
and hardness of the heated gels. In contrast, the incorporation of heat-set polysaccharides like methyl
cellulose led to a decrease in these properties, especially at refrigerator temperatures. Following the
mixing of potato protein and polysaccharide, a phase separation mechanism took place. Notably, the
composite gel that included methyl cellulose experienced significant water loss during heating. This
phenomenon may be attributed to the irreversible denaturation of the protein at elevated
temperatures and the heightened hydrophobicity of the complex [122].

In the study of Chen, et al. [123], it was discovered that a suitable quantity of flaxseed gum might
enhance the gel strength of SPI. Excessive flaxseed gum may induce gel structural disorder by phase
separation, thus diminishing the stability of SPI gel. The current integration of protein and
polysaccharide significantly enhances the gel characteristics of protein. Given the abundant yet
underutilized resources of both protein and polysaccharide, research focused on optimizing the types
of raw materials, their ratios, and the selection of gelation techniques for the sophisticated design of
mixed food gel structures remains in its nascent stages. Ultrasound technology is an emerging non-
thermal processing method that has shown efficacy in enhancing gel characteristics. Research
indicates that ultrasound can enhance the interaction between kidney bean dietary fiber (KSDF) and
duck myofibrillar protein (MP), thereby augmenting the physicochemical properties of the gel
matrix, and the incorporation of 1% KSDF with 400 W ultrasound treatment markedly elevated gel
strength by 109.58% and increased solubility by 213.42%. The ultrasound-mediated KSDF-MP contact
significantly enhanced the hydrophobic interactions of proteins, resulting in a denser network
structure of the MP gel [124]. Moreover, superior gelling properties were achieved when chicken
plasma protein was subjected to ultrasound-assisted konjac glucomannan treatment. In comparison
to untreated plasma protein gelation, the incorporation of konjac glucomannan and ultrasound
treatment alone, the ultrasound-assisted konjac glucomannan treatment significantly improved the
rheological characteristics, gel strength, and water retention capacity of the resultant gel, leading to
the highest levels of hydrophobicity and disulfide bond content, which were the primary
determinants influencing heat-induced gel formation [125]. The ultrasound-treated SPI-lemon pectin
composite hydrogel demonstrated a denser and more organized structure, increased surface
hydrophobicity, and enhanced adhesive strength compared to the untreated variant. Furthermore,
the composite hydrogel sample subjected to ultrasound for 20 min was found to enhance the targeted
release of Lactobacillus plantarum in the colon and increase the survival rate of probiotics during UV
irradiation [126]. In summary, ultrasound treatment may enhance the gel characteristics of composite
gels by altering the contact forces between proteins and polysaccharides, as well as the structure of
the complex. Furthermore, Li et al.[127] employed ultrasound technology to fabricate an ovalbumin-
gellan gum emulsion gel and systematically investigated the effect of ultrasonication time on its 3D
printing precision. Their results revealed a non-linear relationship between ultrasonication duration
and printing accuracy, which initially increased but subsequently decreased after a specific time
point. The optimum printing accuracy (15%) was achieved at an ultrasonication time of 3.5 min,
demonstrating that ultrasonic treatment significantly enhances the printability of emulsion gels.
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Although this study highlighted the potential of ultrasound in improving the printing performance
of PPC gels, the practical application of such ultrasonically-prepared gels in food manufacturing
remains limited. Future research should prioritize expanding the functional applications of
ultrasound-assisted composite gels. Key directions include developing controlled release systems for
nutrient delivery, advancing precision manufacturing through 3D food printing, and engineering
satiety-enhancing functional foods. Such efforts are crucial for facilitating the transition of these
advanced materials from laboratory-scale research to food industrial implementation.

5.3. Ultrasound-Enabled Delivery Systems for Bioactive Compounds

The inherent biological activities, diverse functional qualities, and potential health benefits of
bioactive compounds have sparked considerable interest in their application within the food industry
[128]. Nonetheless, their reliability and performance in industrial contexts are undermined by their
vulnerability to environmental factors. Recent research indicates that encapsulation within natural
biopolymers serves as an effective strategy for enhancing the functionality of bioactive compounds
and their potential applications [129]. The PPC has demonstrated its efficacy as an appropriate
encapsulation material, enhancing the environmental compatibility and stability of bioactive
substances while facilitating controlled release throughout the drug delivery process [130]. Markman
and Livney employed casein-maltodextrin conjugates to create nanocarriers for concentrated
transparent beverages, successfully nano-encapsulating the hydrophobic nutrients vitamin D and
epigallocatechin gallate within these formulations [131]. Soluble soybean polysaccharide and highly
nutritious soybean protein isolate can create a novel type of environmentally friendly 'core-shell’
nanocomposites via non-covalent electrostatic interaction for the delivery of hyperoxide. This system
achieved an impressive loading rate of 85.56% at pH 3.5, effectively safeguarding the chemical
stability of hyperoxide [132]. Carpenter and colleagues employed pea protein isolate along with
polysaccharides to encapsulate a-tocopherol [133]. Research indicated that various polar
polysaccharides, including gum arabic, tragacanth gum, and tara gum, along with the
protein/polysaccharide ratio, influenced the particle size of the resultant nanoparticles, the
microencapsulation efficiency, and the release dynamics of a-tocopherol. Moreover, the electrostatic
interactions arising from varying polarities lead to intriguing acid stability within the formed ternary
system at both 1:1 and 2:1 ratios of protein to gum arabic or tara gum, respectively. Notably, the
mixture of pea protein isolates and tara gum exhibits a more robust gastrointestinal protective
behavior compared to the pea protein isolate-arabic gum matrix. The physicochemical properties of
nanoparticles composed of protein-polysaccharide-bioactive substances are fundamentally
influenced by the specific types, ratios, and preparation techniques of the proteins and
polysaccharides derived from natural sources. Consequently, it is imperative that the entire
preparation process is meticulously designed and regulated.

In recent years, the application of ultrasound has emerged in the investigation of PPC aimed at
safeguarding bioactive substances. The utilization of ultrasound-assisted emulsification techniques
involving WPI and modified starch for the incorporation of sunflower oil has demonstrated the
formation of a kinetically stable emulsion [134]. Additionally, Gong, Gong, ef al. [135] employed an
ultrasound-assisted pectin-chitosan complex for the encapsulation of cinnamaldehyde. The findings
indicated an encapsulation efficiency reaching 93% following ultrasound treatment, and it was
observed that at temperatures exceeding 150°C, the retention rate of the encapsulated
cinnamaldehyde surpassed that of its unencapsulated counterpart. The underlying mechanism was
that free radicals generated by high-frequency sound waves could expedite chemical reactions,
including the formation of amide bonds and hydrogen bonds between the amino groups of free
chitosan and the carboxyl functional groups of pectin, ultimately leading to the creation of stable
microcapsules. Ren, et al. [136] indicated that, in contrast to the conventional method, the application
of 28/40 kHz dual-frequency ultrasound significantly enhanced the encapsulation efficiency and
loading capacity of resveratrol within corn gluten-chitosan complexes, achieving values of 65.2% and
5.9%, respectively. The research conducted by Liu et al. yielded comparable findings, which were
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ascribed to the enhancement of hydrogen bonding and electrostatic interactions within the ternary
system due to ultrasound treatment [63]. This process facilitated the formation of dense and uniform
composite nanoparticles characterized by a small particle size. Furthermore, in our recent work,
ultrasound enhanced the interaction between SPI and purity gum ultra, resulting in the creation of a
complex that co-encapsulates a mixture of borage seed oil and peppermint oil. In addition, the
quaternary nanoparticles produced through ultrasound demonstrated a significant antioxidant effect
as well as improved bioavailability. It can be inferred that the ultrasound-assisted SPI-purity gum
ultra complex offers a promising path as a co-embedded nanocarrier for functional foods and
nutritional health products, noted for its enhanced stability and bioavailability [137].

While ultrasound undoubtedly improves encapsulation efficiency and loading capacity, a
critical assessment reveals that the current research focus is somewhat narrow. The field would
benefit from a more rigorous investigation into the biological fate of these delivery systems. High
encapsulation efficiency is a positive initial indicator, but it does not guarantee successful targeted
release or enhanced bioavailability in vivo. The improved bioavailability is promising, but these
findings need validation through simulated gastrointestinal models and ultimately in vivo studies to
confirm the purported health benefits. Furthermore, the impact of ultrasound-induced free radicals
on the stability and integrity of the encapsulated bioactive compounds themselves, particularly
oxygen- or heat-sensitive molecules, is a potential drawback that is seldom addressed. The long-term
chemical stability of the encapsulates and the potential for off-flavor generation due to lipid oxidation
or Maillard reaction during sonication are critical aspects that must be evaluated for commercial
viability.

5.4. Ultrasound-Engineered Edible Packaging Films

Traditional plastic packaging materials have emerged as a significant source of pollution in the
food industry, largely due to their non-biodegradability and inadequate waste management systems,
raising considerable concern within society. Recently, both industry and academia have directed their
research efforts towards sustainable materials, particularly biodegradable polymers. The most
prevalent biopolymers utilized in the production of packaging film are proteins and polysaccharides,
and their combination has the potential to yield a composite of superior quality compared to their
individual use. The combination of protein and polysaccharide enhances the tensile strength and
elongation at break of the complex film. This improved interaction can boost the barrier properties
against water vapor and oxygen, rendering the PPC ideal for food packaging films [138]. When pectin
and nano-chitosan were combined at a 1:1 (w/w) ratio, the resulting composite film exhibited
remarkable performance indicator with a tensile strength of 8.96 MPa, water solubility of 37.5%,
water vapor permeability of 0.2052 g-mm/m?>day-kPa, and oxygen permeability of 47.67
ccmm/m?-day. The composite film created has the potential to effectively delay food spoilage by
inhibiting the growth of Collefotrichum, Saccharomyces cerevisiae, Aspergillus niger, and Escherichia coli
[139]. Alongside the examination of the protein to polysaccharide ratio, a thorough investigation was
conducted on how various polysaccharides (chitosan, carrageenan, and sodium alginate) influence
the film-forming characteristics of gelatin. This included an analysis of mechanical properties, optical
properties, hydrophilicity, thermal stability, and structural properties, which were systematically
studied and discussed in the literature [140].

The amalgamation of protein and polysaccharide may enhance the efficacy of the resultant film
to some degree; yet, their complex nature might adversely influence the film's performance.
Consequently, several tactics have been used to optimize the performance of the combination,
including the incorporation of co-biopolymers, nanomaterials, crosslinking agents, high pressure,
and ultrasound treatment [11,141]. Wang, et al. [142] documented the influence of ultrasound on the
characteristics of edible composite films composed of rice protein hydrolysates and chitosan. The
findings indicated that ultrasound treatment diminished the particle size and viscosity of chitosan by
augmenting the interaction between the two components, improved the oxygen barrier properties of
the film, and resulted in the establishment of a compact protein-polysaccharide network structure.
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Furthermore, the increased hydration induced by ultrasound may further boost the permeability of
the composite film. The application of high-intensity ultrasound in conjunction with
transglutaminase (TG) treatment has been documented to yield a notable increase in thickness, a
reduction in elongation percentage, and an enhancement in tensile strength of quinoa
protein/chitosan composite edible films. The resultant composite film exhibits exceptional thermal
stability. These outcomes are ascribed to the ultrasound's facilitation of TG's crosslinking capacity,
leading to alterations in the covalent bonds between quinoa protein and chitosan, as substantiated
by Fourier transform infrared spectra [143].

Biodegradable films infused with bioactive compounds are referred to as active packaging,
representing a significant innovation in the food industry. Kang et al. created a novel nisin-loaded
oat protein/pullulan film utilizing ultrasound and the findings indicated that ultrasound treatment
not only enhanced the mechanical properties of the film but also improved intermolecular hydrogen
bonding, diminished anisotropy, and resulted in a more regular and uniform surface [62].
Furthermore, the engineered film significantly inhibited the deterioration of fresh strawberries and
extended their shelf life. In a complementary study, ultrasound was also employed to fabricate a
pullulan-sodium alginate composite film loaded with clove essential oil. The resulting film exhibited
remarkable physico-mechanical properties and potent antimicrobial activity, which effectively
suppressed postharvest moisture loss and hardness reduction in mushrooms, concurrently helping
to maintain their brighter appearance [144]. Although ultrasound technology has been extensively
employed in fabricating biodegradable films, and protein- and polysaccharide-based films produced
via sonication have been widely studied for preserving fruits, vegetables, and seafood, research on
developing active intelligent packaging using ultrasonic methods remains in its infancy. Despite this
nascent stage, the prospects for future advancements are considerable. Furthermore, the practical
application of these ultrasound-assisted films in real food systems and a deeper understanding of
their preservation mechanisms require further investigation. From a regulatory and safety
standpoint, a critical yet frequently overlooked aspect is that edible films must comply with food
contact material regulations. While ultrasound itself is generally recognized as safe, the structural
modifications it induces in biopolymers and any newly formed compounds (e.g., cross-linkers or high
concentrations of Maillard reaction products) necessitate thorough evaluation.

A critical yet underexplored limitation of ultrasound-engineered films is the potential
compromise between mechanical strength and biodegradability. While cross-linking induced by
ultrasound and transglutaminase enhances tensile strength, it may also retard biodegradation, which
is a key selling point for sustainable packaging. Furthermore, the migration of ultrasound-generated
fragments (e.g., peptide-polysaccharide complexes) into food simulants requires rigorous safety
assessment, particularly when Maillard reaction products or free radicals are involved. Current
literature lacks comprehensive migration studies and toxicological evaluations, creating regulatory
uncertainties for commercial application. From a regulatory and safety standpoint, a critical yet
frequently overlooked aspect is that edible films must comply with food contact material regulations.
While ultrasound itself is generally recognized as safe, the structural modifications it induces in
biopolymers and any newly formed compounds (e.g., cross-linkers or high concentrations of Maillard
reaction products) necessitate thorough evaluation. This is essential to ensure these modifications do
not introduce allergens or toxic compounds, nor lead to unacceptable levels of substance migration
into the food product.

6. Conclusion and Perspectives

This review has systematically elucidated the pivotal role of ultrasound in modulating protein-
polysaccharide interactions, a process whose mechanistic pathways and functional outcomes are
synthetically illustrated throughout the presented figures. The foundational acoustic cavitation
phenomenon (Figure 2A) and the equipment employed (Figure 2B) underpin all subsequent
modifications. As detailed in Figure 3, ultrasound primarily facilitates two distinct interaction
pathways: the covalent route (e.g., Maillard reaction, enzymatic cross-linking; Figure 3C-D) and the
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non-covalent route (e.g., electrostatic, hydrophobic, hydrogen bonding; Figure 3B), by altering the
structure of individual biopolymers to expose interaction sites (Figure 3A). The efficacy of these
ultrasound-induced complexes is demonstrated by their enhanced properties, such as grafting degree
and structural changes (Figure 4), which directly translate into superior techno-functional
performance, including solubility, emulsification, and foaming (Figure 5). Ultimately, these
improvements enable a wide spectrum of advanced applications in the food industry, from
emulsions and gels to delivery systems and packaging films (Figure 6). Despite the significant
progress, translating these findings into industrial practice and advancing the field requires
addressing several specific challenges:

1. Standardization and optimization of ultrasound protocols: Future research must establish
quantitative correlations between specific ultrasound parameters (power, frequency, duration, mode)
and the resulting structural and functional outcomes. Developing standardized protocols is crucial
for ensuring reproducibility and comparability across studies.

2. Bridging the scale-up gap: A critical challenge lies in the transition from laboratory to
industrial scale. Research should focus on reactor design for uniform energy distribution in large
volumes, energy efficiency optimization, and addressing the economic barriers for widespread
adoption, especially for small-scale processors.

3. Comprehensive safety, toxicology, and regulatory evaluation: Beyond functional properties,
the long-term stability, sensory impact, and potential toxicity or allergenicity of ultrasound-modified
complexes warrant thorough investigation. Particular emphasis should be placed on in vivo digestion
studies, the allergenicity of newly formed conjugates, and the formation and migration of potentially
harmful compounds (e.g., advanced glycation end products) to ensure consumer safety. Establishing
a clear regulatory pathway for these novel food structures is imperative for market entry.

4. Mechanistic elucidation and synergistic technologies: Advanced in-situ analytical techniques
are needed to real-time monitor the structural dynamics during sonication. Furthermore, exploring
synergies between ultrasound and other physical fields or enzymatic treatments could unlock new
pathways for creating novel functional complexes.

5. Synergistic use of ultrasound with complementary green technologies: Future studies should
explore the combined use of ultrasound with other physical methods such as high-pressure
homogenization, cold plasma, or pulsed electric fields. Such hybrid approaches may leverage the
unique advantages of each technology, for instance, ultrasound’s cavitation with plasma’s surface
reactivity, to achieve synergistic improvements in complex formation, functional properties, and
process efficiency, while mitigating individual limitations.

Addressing these targeted priorities through multidisciplinary collaboration will be pivotal in
fully leveraging ultrasound technology to design the next generation of sustainable and high-quality
food products.
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