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Abstract: Dietary soft matter components’ compatibility and assembly structures improving stability, 
nutrition, texture, flavor and self-life, which are fundamental to advancing food science and industry 
improving. This analysis underscores the critical importance of compatibility and structural stability among 
these components, particularly emphasizing natural polymers such as polysaccharides and proteins for 
biodegradability, versatility and sensory attributes. These polymers can form persistent co-soluble interactions 
or undergo phase separation, depending on their molecular arrangement. The interplay between 
polysaccharides and proteins is instrumental in shaping the microstructure of food matrices. The intricate 
balance between attractive and repulsive forces significantly influences the efficacy of self-assembly processes, 
while weak interactions facilitate necessary structural adaptations. Excessive forces or limited molecular 
fluctuations can lead to functional instability and textural vulnerability, such as phase separation or structural 
collapse. The article further examines various physical and chemical methodologies that elucidate the 
principles governing the compatibility and associations of soft matter components. An assessment of soft-
material suitability and assembly characteristics is conducted through techniques such as phase modelling, 
turbidity analysis, microscopy, thermal analysis, rheology, and spectroscopy. Thus, the discourse highlights 
the imperative of comprehending soft matter interactions to inform the development of functional food 
products and their diverse applications, limitations, and future prospective. 

Keywords: soft-material suitability; polysaccharide-protein interactions; physicochemical methods; 
and macromolecular assembly 
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Graphical Abstract 

 

Highlights 

• Soft matter, complex fluids, significantly impact the structure and sensory attributes of foods 
• Milk and mayonnaise show proteins’ role in stabilizing emulsions, crucial for consistency 
• Polysaccharide-protein interactions are key to the texture and rheology of semi-solid foods 
• Stable assembly structures are essential for improving food quality and meeting dietary needs 
• Investigating soft matter & biopolymer interactions is key to optimizing food stability & texture 
 

1. Introduction 

Soft matter, a concept extensively articulated by French physicist Pierre-Gilles de Gennes, has 
profoundly shaped interdisciplinary domains, including physics, chemistry, and biology [1]. Soft 
matter encompasses complex fluids and soft condensed materials, with macromolecules that exhibit 
properties between liquids (e.g., proteins like casein in gels) and solids (e.g., carbohydrates like starch 
in emulsions). This inherent complexity and susceptibility to external physiological factors raise 
questions about the stability and predictability of these materials [2]. Soft materials are ubiquitous in 
applications ranging from liquid crystals in electronic devices to proteins in biological systems and 
even food foam. In the context of food science, soft matter research posits food as a multifaceted 
system, incorporating food colloids, proteins, and amphiphilic polymers [3]. Food scientists employ 
principles of soft condensed matter physics to examine how food structures affect sensory attributes 
such as flavor, texture, and culinary behavior [4,5]. This critical examination highlights the need for 
a deeper understanding of soft matter interactions to optimize food design and functionality [6]. 

Milk, a common dietary staple, serves as an example of a complex colloidal system where 
proteins stabilize fat globules dispersed in water rather than forming a true oil-water emulsion [7]. 
Casein micelles in milk demonstrate significant resilience, allowing them to endure processes like 
homogenization and sterilization. However, their stability raises questions about the balance between 
maintaining structural integrity and potential nutrient loss during processing [8]. These micelles play 
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a vital role in stabilizing the milk matrix, preventing the re-aggregation of fat globules during 
homogenization and ensuring uniform fat distribution, which is essential for product quality [9]. In 
contrast, mayonnaise is included as an example due to its inherent self-stabilizing properties, 
attributed to emulsifiers like egg yolk that inhibit oil-water separation. The lipoprotein particles in 
egg yolk act as interfacial stabilizers, adsorbing to the oil-water interface to facilitate the formation 
and stabilization of emulsified droplets. This comparison underscores the importance of emulsifiers, 
as they not only enhance the stability of food products but also significantly influence health and 
sensory properties, such as flavor and texture [10]. Moreover, the choice and effectiveness of 
emulsifiers can impact productivity and overall product quality, emphasizing their critical role in 
food formulation [11].  

Polysaccharide-protein interactions play a crucial role in determining food texture and structure. 
Such interactions are especially important in semi-solid foods, where specific textures, like the 
smoothness in puddings or the spread ability of yogurt, are achieved through the gel-forming 
properties of polysaccharides and the elasticity provided by proteins [12,13]. Polysaccharide-protein 
interactions play a key role in shaping the texture, gel properties, and stability of food products. These 
interactions can strengthen the physical, chemical, and sensory stability of foods, helping to extend 
shelf life and improve overall quality [14]. By establishing robust networks or emulsions, these 
interactions prevent phase separation and ensure product consistency, which is vital in maintaining 
consumer trust. Besides, many semi-solid foods utilize naturally occurring polysaccharides and 
proteins for thickening and texture enhancement, reflecting a growing consumer preference for 
minimally processed products [15]. This trend necessitates ongoing research into the functional 
properties of these ingredients to optimize food design while meeting health and quality standards 
[16]. The interplay between polysaccharides and proteins is fundamental to the stability and texture 
of many food products. Understanding these interactions allows for the creation of foods with 
desired qualities, such as enhanced shelf life, consistency, and sensory appeal, ensuring that products 
meet consumer expectations while adhering to health-conscious standards. 

Recent studies emphasize the essential role of stable assembly structures in food quality control, 
particularly regarding polysaccharide/protein interactions. Protein-polysaccharide interactions can 
create complex structures, such as interpenetrating networks and nanocomposite gels, which make 
it challenging to control these soft matter architectures for better food quality and stability. 
Understanding how particle interactions and shape changes affect phase behavior is essential for 
improving food structure, stability, texture, and quality to cater to various dietary needs and 
consumer preferences. 

 
Figure 1. Systematic Layout of the Review’s Core Focus Areas. 
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2. Consistency Capacity of Soft Matter 

Research papers emphasize that achieving a uniform system relies on the compatibility of soft 
matter components. To ensure this compatibility, it is essential to understand the interactions 
between proteins-carbohydrate complexes. Investigating the compatibility of blending systems 
beforehand can optimize the structural and functional properties [8]. Theoretical thermodynamics 
states that the negative free energy of molar mixing is a desirable condition for a blended system to 
be considered compatible, assuming constant temperature and pressure conditions (Figure 2). The 
calculation method for this criterion is provided in the formula [9]. 

 

Figure 2. CSLM images of a food system showing cheese, yogurt, and ice cream. Fluorescent dyes 
were used to color proteins (yellow and red) and lipids (green) in the images [17]. 𝚫𝐆𝐌 ൌ 𝚫𝐇𝐌െ 𝐓𝚫𝐒𝐌……………………………………………………………… . ሺ1ሻ 
Here, ΔGM is the molar mixing free energy, ΔHM is the molar enthalpy of mixing, ΔSM is the 

molar entropy of mixing, T is the total temperature 
Formula (1) links compatibility to negative ΔGM (mixing free energy), suggesting four possible 

categories based on the degree of compatibility: 
Complete compatibility: Biomacromolecules blend uniformly at any ratio. 
Limited compatibility: Biomacromolecules only form stable, uniform systems within a specific 

composition range;  
Low compatibility: Biomacromolecules exhibit limited ability to form stable, uniform systems 

across compositions;  
Immiscibility: Biomacromolecules cannot inherently form a system at any composition. 

3. Phase-Specificity Screening 

Phase separation is influenced by a variety of variables [18], such as: 
I. Biopolymer concentration; 
II. The biopolymers’ molecular weight, figure, charge, and conformation;  
III. Environmental factors include the mechanical field, pH, ionic strength, and temperature. 

The formation of protein-polysaccharide complexes involves a balance of both attractive and 
repulsive forces within the polymer system [19]. (Figure 3). The free energy change (ΔG) is crucial in 
determining biopolymer compatibility within food systems. For biopolymers with similar charges, a 
positive ΔG can lead to phase separation, which is commonly observed in dairy and plant-based 
products [20]. This phase separation is strategically used in food design, protein purification, and 
microencapsulation. Incompatibility-driven phase separation is primarily influenced by entropy 
rather than volume [21]. In food systems, phase separation typically occurs through two main 
mechanisms: associative phase separation, where biomolecules attract and form complexes, and 
segregate phase separation, where repulsive forces drive them to separate within the same solvent, 
such as dairy products, yogurt and cheese and emulsified foods salad dressings and mayonnaise. At 
low polymer concentrations, the system remains homogeneous; however, as polymer concentrations 
or repulsive forces increase, phase separation occurs [22]. 
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Figure 3. Diagrammatic illustrations of the hydrogel web assemblage considering their complicated-
unique crosslinks [23]. 

Mixed systems favor single-phase separation (associative vs. segregative). However, specific 
conditions can induce coexistence [24]. For instance, a combination of κ-carrageenan and type-B 
gelatin has been shown to exhibit both associative and segregative phase separations under specific 
conditions [20]. These findings underscore the complex interplay of forces and conditions that govern 
the phase behavior of biopolymers and highlight the need for further research to understand and 
manipulate these processes effectively [13]. 

4. The Stability of the Manufacturing Mechanism 

4.1. Weak Interactions in Food Microstructure and Stability 

Recent studies have underscored the importance of stable assembly structures in food quality 
control, with key findings highlighting how polysaccharide and protein interactions contribute to 
texture, stability, and nutrient retention in food systems. These interactions play a crucial role in 
developing consistent quality across various formulations [25]. However, significant challenges 
persist in effectively manipulating these interactions due to the complexity of soft matter 
architectures. Significant challenges remain in effectively manipulating these interactions due to the 
complexity of soft matter architectures, such as interpenetrating networks and nanocomposite gels 
[26]. For instance, in food products like yogurt, achieving enhanced order in soft matter systems relies 
on weak attractive interactions found in hard rods and amphiphilic molecules. The delicate balance 
between attraction and repulsion is crucial; weak interactions allow for fluctuations that facilitate 
structural adaptations, while excessive forces can lead to immobilization [27]. 
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Understanding how conformational changes impact phase behavior is critical for optimizing 
food microstructure. The necessity for reversible interactions constrains the size of structural 
components, reflecting principles similar to crystallization [28]. Techniques from soft condensed 
matter physics, including phase diagrams and group theory, are essential for managing self-assembly 
processes. Phase diagrams help map conditions (like temperature, pH, or concentration) under which 
different phases occur, which is crucial for predicting stability in food formulations. Group theory 
provides a mathematical framework to understand symmetry and molecular interactions, which aids 
in designing consistent structures in complex food matrices [29]. Theoretical models of liquid crystals 
and surfactant systems emphasize the importance of orientation order parameters. Furthermore, 
coacervation illustrates the significance of oppositely charged polyelectrolytes, such as protein and 
pectin [30]. Overall, these insights highlight the intricate dynamics of weak interactions in self-
assembly, which are fundamental for enhancing food stability, texture, and quality, ultimately 
addressing diverse dietary needs. 

4.2. Protein-Polysaccharide Interactions and Stability in Food Systems 

The stability of food soft matter and the formation of robust composites are fundamentally 
governed by weak binding interactions, which enable effective aggregation of these structures [31]. 
This resilience against external disintegration is essential for maintaining the structural integrity of 
both dairy and plant-based food products, ensuring consistent quality and stability. The role of soft 
matter physics is pivotal in elucidating the structuring of foods and the interactions between various 
components, mainly as research increasingly focuses on polysaccharide-protein phase behavior [23]. 
These interactions dictate critical aspects such as assembly, rheology, stability, and physicochemical 
properties, directly impacting the quality and functionality of food systems [32]. The application of 
protein-polysaccharide composites extends beyond food science into tissue culturing, wound 
healing, and drug delivery, highlighting their versatility due to properties such as biocompatibility, 
biodegradability, mechanical strength, and the ability to modulate release rates of bioactive 
compounds. In particular, the design of these complexes emphasizes the controlled release and 
targeted delivery of bioactive agents. Advancements in polysaccharide-based hydrogels further 
illustrate the potential of these materials, showing promise for biomedicine and wastewater 
treatment applications [23]. A comprehensive understanding of the stability and interactions between 
polysaccharides and proteins is essential for optimizing their utility across diverse sectors. 

Moreover, the combination of proteins with hydrophilic non-ionic polysaccharides has 
demonstrated enhanced solubility and stability of proteins in challenging aqueous environments 
[31]. Environmental factors, including temperature, pH, and ionic strength, critically influence the 
physical assembly of these biopolymers, thus shaping their physicochemical properties and 
functional efficacy. This intricate interplay highlights the necessity for ongoing research to fully 
exploit the potential of protein-polysaccharide interactions in innovative applications [33]. 

4.2.1. Optimizing Protein Functionality with Processing Techniques 

The methodologies in protein-polysaccharide systems include techniques such as particle size 
reduction, thermal treatments, homogenization, superfine grinding, and ultrasound application [34]. 
Research consistently demonstrates that these approaches can significantly mitigate protein 
denaturation and enhance solubility, highlighting their efficacy in addressing protein instability. 
Each technique has been rigorously investigated, revealing its potential to improve functional 
properties across various applications. This area of protein research represents a significant frontier, 
offering valuable insights for further exploration within biotechnology, food science, and 
pharmaceuticals [35]. Table 1 elucidates the influence of various processing techniques on the 
functionality of food protein-polysaccharide interactions, specifically emphasizing their effects on 
solubility, which is directly connected with their metabolism. Techniques such as thermal 
pretreatment, homogenization, superfine grinding, and ultrasound are critical to understanding 
these interactions and optimizing protein functionality in complex systems. 
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Table 1. Physical approaches to enhance protein solubility and thermal stability. 

Approaches Processing 

Parameters 

Protein Functional effects Solubility Refs. 

Thermal 

pretreatments 

70–90 °C for 2,4 

and 24 h, pH= 6.8 

Skim milk Lactosylation of whey proteins and 

caseins improves emulsion 

thermostability. 

Improve its heat 

stability 

(containing 17.6% 

S.M.P., w/w) 

[36] 

 100 °C for 30 min, 

pH= 6.2 

Soy protein 

o/w 

emulsions 

Enhanced thermal stability and 

dispersibility suppress coalescence, 

flocculation, and creaming. 

The emulsions 

stabilized by 10% 

(w/v) SPPs 

[37] 

 100 °C for 30 min, 

pH=6.0, 6.2 and 

6.4 

Soy Proteins Formulations targeting anti-

aggregation, suppressed gelation, 

reduced viscosity, and enhanced 

flow behavior 

10% (w/v) 

suspensions of 

LCPH-treated 

SPs 

[38] 

 80–120 °C for 30 

min, pH=7 

Pea protein Higher pretreatment temperatures 

reduce protein aggregation via 

peptide chain rearrangement and 

diminish intermolecular cross-links 

High 

concentration 

(15%, w/v) 

[39] 

 130 °C for 4 h 110 

°C for 8 h 

Maitake 

protein  

Polysaccharide solubilization 

enhances extraction and thermal 

stability 

The yield was 

3.58% 

[40] 

Homogenization High-pressure 

homogenization 

(H.P.H) 240 MPa 

Whey 

protein 

isolate 

(W.P.I.) and 

micellar 

casein 

dispersions 

High homogenization pressure 

refines particle size, boosts 

dispersibility and solubility (W.P.I.: 

99.5% → 100%, MC: 34% → 99%), 

and enhances foaming and 

emulsification 

Foaming ability 

and stability due 

to the large 

particle size 

reduction 

[41] 

 H.P.H (25, 50, 75, 

100 and 150 MPa) 

lentil (Lens 

culinaris) 

proteins 

Pressure-induced enhancement (75 

MPa → 100 MPa) improves 

solubility (32% → 47%), 

emulsification, and foaming while 

reducing viscosity and gelation. 

Increasing water 

solubility with 

H.P.H., pressure 

up to 100 MPa 

[42] 

 H.P.H 40, 80, and 

120 MPa 

Oil-in-water 

(O/W) 

emulsion 

stabilized  

Reduced particle size, enhanced 

zeta potential, and protein 

restructuring improve solubility 

(16.5% → 75.1%), emulsification 

(activity & stability), and apparent 

viscosity. 

Improved 

solubility (from 

16.5% to 75.1%)  

[43] 

 H.P.H 69 MPa 

combined with 

Chicken 

breast 

H.P.H. treatment with H₂O₂ 

enhances thermal stability by 

Exposed 

hydrophobic 

[43] 
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hydrogen 

peroxide 

myofibrillar 

protein 

blocking free S.H. groups, hindering 

disulfide formation, and preventing 

protein denaturation 

groups (from 

196.37 to 258.50) 

of M.M.P. 

 H.P.H 50, 100 

and150 MPa after 

5 passes 

Soybean 

okara 

H.P.H. intensity enhancement 

(11.49% → 90% passes at 150 MPa) 

refines particle size, boosts 

solubility, and enhances physical 

stability, albeit increasing viscosity. 

Protein extraction 

yield (g/100 g) 

150 MPa-5 passes 

89.69 ± 2.24a  

[44] 

 H.P.H 20–100 

MPa for 2 cycles 

Oyster 

Protein 

Isolate 

Hydrolysates 

H.P.H. treatment improves protein 

solubility (22.4% → 39.2%), 

emulsification, zeta potential, and 

surface hydrophobicity 

High-pressure 

micro 

fluidization (120 

MPa) 

[45] 

 H.P.H 103 and 

207 MPa 

Faba bean 

protein 

At pH 7, protein solubility 

dramatically increases (35% →99%), 

enhancing interfacial film formation 

and stability (F.C. & F.S.) due to 

rapid penetration and adsorption 

while reducing emulsion creaming 

index (E.C.I.) 

Protein foaming 

capacity from 91 

to 260% after 30 

kpsi high-

pressure 

homogenizations, 

good stability 

with about 95% 

[46] 

 H.P.H 20, 40, 60, 

80 and 100 MPa 

Mussel 

(Mytilus 

edulis) 

myofibrillar 

protein 

High-pressure homogenization (100 

MPa) alters protein conformation 

(secondary, tertiary, and quaternary 

structures) via particle size 

reduction, leading to enhanced 

functionality: solubility (35% → 

42%), E.C.I., E.S.I., foam formation, 

and stability. 

Protein solubility 

and oil holding 

capacity 

increased by 7.4% 

and 1300% at 100 

MPa 

[47] 

Superfine 

grinding 

Ultrafine for 0, 

2,4, and 8 h 

grinding under 

atm. Pressure, 

ball zirconia: 

S.P.I. powder 

ratio 6:1 

Soybean 

protein 

isolate 

Extended grinding time reduces 

particle size, increases surface area 

and water holding capacity, and 

improves protein solubility (30% → 

40%) and dispersibility. 

2, 4, 6, and 8 h 

(84.51, 89.4, 88.55, 

and 82.92 %) were 

higher than that 

at 0 h (77.42 %). 

The average 

particle size of 

137.5 ± 10.7 nm at 

8 h 

[48] 

 Planetary ball 

grinding machine 

with a rotation 

Pea protein 

isolate 

Micronization refines particle size 

distribution, enhancing fluidity, 

water holding capacity (W.H.C.), 

protein solubility (45.89% → 

Pea protein 

isolate 69.84 1.37a 

Water holding 

capacity 94.67% 

[49] 
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speed of 200 rpm 

at room 

69.84%), viscosity, and product 

quality. 

 Multidimensional 

swing high-

energy nano-ball-

milling 

Whey 

protein 

concentrate 

Micronization reduces particle size 

to 8 μm, alters protein secondary 

structure, and elevates gel 

formation temperature (73.5 °C → 

85.6 °C) and water holding capacity. 

Increased 

stability gelation 

temperature from 

73.5 °C to 85.6 °C 

[50] 

Ultrasound High-power 

ultrasound (18.4, 

29.58, and 73.95 

W/cm2) 

Millet 

protein 

concentrate 

Ultrasonication at higher intensities 

reduces molecular weight and zeta 

potential (increases negative surface 

charge), enhancing protein 

solubility (60% → 90%), E.A.I., 

emulsion stability, and foam 

properties. 

Increased the 

solubility of the 

native M.P.C. 

(65.8 ± 0.6%)  

[51] 

 High-intensity 

ultrasound (20 

kHz, 400 W) 

Soy protein 

isolate 

Ultrasonication (25 min) alters 

protein structure and weakens 

interactions, improving soy protein 

dispersion solubility (38% → 46.3%) 

and fluidity. 

Ultrasound 20 

kHz, 80Wcm−2 

for 0–25 min 

[52] 

 High-power 

ultrasound (20 

kHz, power 

density of 0.75 

W/ml) 

Micellar 

casein 

powders 

Micronization reduces protein 

particles to ~1 μm, significantly 

enhancing solubility (>95%) despite 

unchanged molecular weight. 

100 °C 

temperature, 

concentration of 

15% (w/v) 

[53] 

 High-intensity 

ultrasonication 

(20 kHz) 

Mussel 

sarcoplasmic 

proteins 

20-minute ultrasonication enhances 

protein functionality: solubility 

(60% → 85%), adsorbed protein, 

foam properties (formation & 

stability), emulsification (activity & 

stability), and generates a 

homogeneous texture due to 

particle size reduction. 

At 20 kHz, 600W 

for 20 min was 

the optimum 

condition for 

modification. 

[54] 

4.2.1.1. Thermal Treatments 

High hydrostatic pressure (HHP) is a non-thermal pasteurization method that preserves color, 
flavor, and nutrients while extending shelf life and ensuring food safety [36]. Applying pressures of 
100–1000 MPa for short durations effectively inactivates microorganisms and maintains food quality. 
Pressure is transmitted uniformly across the product, regardless of size or composition, allowing 
flexible processing via adjustments in temperature, pressure, and time [37]. It also induces physical 
changes in protein structure by disrupting hydrogen bonds and hydrophobic interactions, with 
effects depending on variables like pH, temperature, and protein type [38]. Table 2 summarizes 
studies on the enhancement of protein solubility through HHP. 
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4.2.1.2. Homogenization  

Homogenization is a physical process that reduces protein particle size, increases surface area, 
and enhances functional properties such as water-holding capacity, solubility, emulsification, 
foaming, and stability [41]. High-pressure homogenization (HPH, 150–200 MPa) and ultra-HPH (up 
to 400 MPa) achieve smaller particle sizes (<1 μm) through shear, mechanical force, and cavitation, 
offering a scalable, cost-effective, and environmentally friendly method with minimal impact on 
nutrients. Table 2 highlights studies on improved protein solubility via homogenization.” 

4.2.1.3. Superfine Grinding  

Superfine grinding is a novel technique for producing superfine powders with enhanced surface 
properties, such as increased solubility, dispersibility, and fluidity. It uses less energy than traditional 
methods, creating uniform protein particles with improved functionality [48]. This technique is cost-
effective and environmentally friendly but can be noisy and prone to cross-contamination. It is often 
combined with various milling methods, including jet, colloid, high-energy, nano-impact, disk, ball 
mills, microfluidizers, and high-pressure Microsizer™ to enhance food protein solubility. Table 2 
highlights studies on improved protein solubility via superfine grinding. 

4.2.1.4. Ultrasonication  

Sonication utilizes ultrasound waves (>16 kHz) to create cavitation in liquids, where bubbles 
grow and collapse, generating high local heat and pressure. This energy can accelerate reactions, 
enhance penetration, disperse coagulum, and partially degrade macromolecules [51]. Ultrasound is 
classified into low power (1–10 MHz, <1 W/cm²) for diagnostic purposes and high power (20–100 
kHz, 10–1000 W/cm²). Despite its benefits, high-power ultrasound has limitations such as complex 
action, penetration depth dependence, free radical damage, scaling issues, and textural changes [54]. 
Studies on enhancing food protein solubility using ultrasound are summarized. Table 2 highlights 
studies on improved protein solubility via ultrasonication. 

4.2.2. Chemical Methods of Protein-Polysaccharide Interaction for Food Stability 

The interactions between food proteins and polysaccharides are fundamental to achieving 
desired stability and functionality in food formulations. Chemical methods such as forming 
electrostatic complexes and coacervation are pivotal in this context. Highly charged polysaccharides, 
like carrageenan, effectively mitigate protein aggregation through electrostatic solid interactions, 
particularly with positively charged regions on proteins [55]. Furthermore, proteins with an 
isoelectric point around five tend to form complex coacervates with anionic polysaccharides, 
significantly enhancing emulsion stability [56]. The role of protein-polysaccharide electrostatic 
complexes is critical in stabilizing oil-in-water emulsions, where the interplay of various molecular 
interactions contributes to overall emulsion integrity [57]. 

Moreover, the purification processes of polysaccharides to encompass both physical separation 
and chemical precipitation are essential for optimizing their functionality in applications such as 
fermented foods. The optimization of blends, such as konjac/glucomannan with casein, through 
methodologies like response surface analysis highlights the potential for creating superior protein-
polysaccharide complexes [58]. The interactions between natural proteins and polysaccharides with 
bioactive compounds like anthocyanins are also gaining attention due to their implications for food 
stability [59]. Thus, understanding the nature and strength of these interactions is critical for 
advancing the stability and performance of food systems in Table 2. 
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Table 2. Chemical approaches to enhance protein solubility and thermal stability. 

Approaches Chemical Proteins Functional effects Solubility Refs. 

Polysacchar

ides 

Gum Arabic Pea protein 

concentrate 

Maillard reaction significantly improves protein 

solubility and other functionalities. 

BS-PEF 2 →85.56 ± 1.43a 

79.86 

[60] 

 Persian gum Whey protein 

isolate 

Solubility increases at pH > pHι > pHϕ₁ due to 

electrostatic interactions promoting complex 

solubilization. 

Persian gum (1:3, 1:1, 3:1, 

6:1, and 9:1% w/w WPI/PG) 

[61] 

 Gum Arabic and 

modified starch  

Pea protein and 

soy protein 

isolates 

Electrostatic attraction between positively charged pea 

protein and negatively charged starch (72.5% increase) 

enhances pea protein-starch complex solubility at pH 4 

Maximum solubility 

(72.5%) 

[62] 

 Xylose/fructose Soybean protein 

isolate 

Maillard reaction enhances solubility (xylose: 43%, 

fructose: 59%) 

Xylose is more sensitive 

than fructose  

[63] 

 Arabinose, sodium 

alginate, maltodextrin, 

and lactose 

Black rice glutelin Maillard reaction boosts protein-arabinose complex 

solubility (pI: 15% → pH 7: 79.61%) via increased 

hydrophilic character and enhanced protein-water 

interactions. 

Maximum solubility 79.61% 

at pH 7       

[64] 

 High methoxyl pectin Pea protein 

isolate  

Electrostatic complexation enhanced both pea protein 

solubility and thermal stability. pH 3.5 mixing ratio 

decreased from 20:1 to 1:1. 

The pH of soluble 

complexes shifted to pH4.8 

mixing ratio increased from 

1:1 to 20:1  

[65] 

Polyphenol

s 

Phenolic compounds Cinnamomum 

camphora seed 

kernel protein 

High-pressure treatment (up to 100 MPa) enhances 

protein solubility (pH 3: 23.99%, pH 5: 242.89%) and 

thermal stability (altered secondary structure, higher 

unfolding energy) while reducing viscosity and 

gelation. 

The solubility maximum 

increased by 43.5% 

[66] 
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 Gallic acid Myofibrillar 

protein 

Gallic acid cross-linking enhances protein thermal 

stability, solubility (40% increase), and colloidal 

stability by promoting soluble aggregate formation 

and hindering disulfide bond formation. 

Solubility reaches around 

90% when 50 μmol/g 

protein 

[67] 

 Tea polyphenols Soybean protein Polyphenol treatment (0.08 w/v) improves protein 

solubility (0.258 g/ml) by reducing hydrophobicity and 

enhancing surface hydrophilicity. 

Not Applicable [66] 

 Flaxseed phenolic 

compounds 

Flaxseed protein 

isolate 

Polyphenol binding alters protein secondary structure 

and masks hydrophobic groups, enhancing solubility. 

Increase solubility [68] 

 (−)-epigallocatechin 

gallate (EGCG), 

quercetagetin (Q) and 

chlorogenic acid (CA) 

Zein Improving thermal stability by rising temperature due 

to covalent bond formation 

Zein thermogram exhibited 

peaks at 91.5 and 266.6 °C 

[69] 

Hydrolyzin

g enzyme 

Different proteolytic 

enzymes 

Pea protein 

isolates 

Acidic pH (4.5) significantly enhances protein 

solubility (2% → 71%) via structural alterations, the 

release of hydrophilic moieties, and modified 

electrostatic interactions, except with chymotrypsin 

treatment 

at pH 4.5 increase the 

protein solubility 

[70] 

 Papain Protein 

hydrolysate 

obtained from 

Chinese sturgeon  

Pepsin hydrolysis (pH 2-10) enhances protein 

solubility (max > 98% at pH 6) by liberating soluble 

peptides from aggregates and increasing charged 

groups (carboxyl & amine) via hydrolysis 

solubility 

ranged between 86.57% and 

98.74% height 

[71] 

 Trypsin Rice bran protein Proteolysis enhances protein solubility and thermal 

stability by solubilizing peptides from aggregates and 

increasing ionizable groups 

solubility temperatures (30-

90 °C) for 30 min 

[72] 
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 Papain Rice bran protein Structural modifications enhance protein solubility 

(>46%) by exposing more polar sites, promoting 

stronger water interactions 

enzyme-papain to get ~15%, 

25% and 32% degree of 

hydrolysis 

[73] 
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4.2.3. Mechanisms and Methods for Enhancing Emulsion Stability 

Emulsion stability is a complex phenomenon encompassing creaming and flocculation, driven 
by density differences and unfavorable interactions leading to aggregation. Discussions surrounding 
emulsion stability emphasize its significant implications for processing and shelf-life [74]. It is 
essential to distinguish between processing stability, which reflects the emulsion’s ability to 
withstand immediate stress and shelf-life stability, indicating its resistance to gradual degradation 
over time. Assessing emulsion stability is crucial for maintaining product quality and functionality 
in food applications such as spreads, sauces, and margarines, as it directly informs strategies for 
optimizing structure, rheology, and storage conditions [75]. Ongoing research into the mechanisms 
of emulsion stability, particularly concerning the use of diverse additives, seeks to enhance 
functionality and prolong shelf life [74]. Proteins and polysaccharides play a pivotal role in bolstering 
emulsion stability by forming interfacial complexes that prevent destabilization. Emulsions can be 
produced using two principal methods. The first involves creating a mixed membrane emulsion by 
dissolving proteins and polysaccharides in a solution, employing their complex as an emulsifier 
(Figure 4). The second method, layer-by-layer assembly, utilizes a protein-based primary emulsion 
followed by the deposition of polysaccharides (Figure 4). This technique capitalizes on the 
electrostatic interactions between adsorbed proteins and polysaccharides to establish a surface-
bound protein-polysaccharide complex [62]. Unlike monolayers formed under controlled 
physicochemical conditions, multilayered interfacial films in emulsions offer superior stability 
against various external stresses, including fluctuations in pH, ionic strength, heat, freezing, and 
dehydration [76]. Thus, understanding these mechanisms is vital for theoretical insights and practical 
applications in food science. 

 
Figure 4. The polymer conjugates’ Structural and functional phase behaviors [77]. 

5. Factors Influencing Polysaccharide-Protein Interactions in Food Systems 

Polysaccharide-protein interactions in food systems are influenced by a multitude of factors, 
including covalent bonds, electrostatic interactions, steric effects, hydrogen bonding, hydrophobicity, 
and even the application of ultrasound. These interactions are pivotal in maintaining food products’ 
structural integrity and functional properties, significantly impacting texture and shelf life [78]. The 
dominance of specific interactions is contingent upon the composition, structural characteristics, and 
external processing conditions, which collectively dictate the system’s behavior [79]. 

Recent studies have highlighted the importance of protein-polysaccharide interactions across 
diverse food applications. Evidence shows that these components can form strong associations 
through ionic or covalent bonding, affecting critical properties such as emulsification, gelling, and 
foaming stability [80]. Developing composite films, such as those integrating Zein with sulfated 
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Cardamine hupingshanensis polysaccharide, underscores plant polysaccharides’ multifaceted roles 
and biological activities, including their antioxidant and immunomodulatory properties. This not 
only emphasizes the potential of polysaccharides to enhance the functional attributes of food 
products but also suggests promising applications in the biomedical arena [81]. 

However, the efficacy of these interactions remains dependent on the molecular composition, 
structural features, and processing conditions. Understanding these dynamics is essential for 
optimizing food formulations and advancing the functional use of polysaccharides in various fields 
[82]. 

5.1. Covalent Cross-Linking in Polysaccharide-Protein Interactions 

Covalent linkages between polysaccharides and proteins are predominantly established through 
the Maillard reaction or enzymatic cross-linking, both of which play pivotal roles in enhancing the 
functional properties of food systems [83]. These processes facilitate the formation of amide bonds 
between the amino groups of proteins and the carbonyl groups of polysaccharides, resulting in robust 
covalent conjugation. For example, transglutaminase has been effectively employed to conjugate 
sodium casein with gum Arabic, while peroxidase has demonstrated utility in linking β-casein to 
feruloacylated arabinoxylans [84]. Furthermore, applying dry heat treatment significantly augments 
protein solubility and stability under adverse conditions, such as high ionic strength and low pH, 
thereby promoting favorable protein-polysaccharide interactions essential for emulsion stability [85]. 

Recent studies underscore that Maillard-type reactions yield stable protein-polysaccharide 
conjugates capable of withstanding pH, temperature, and ionic strength fluctuations, exhibiting 
remarkable resilience [86]. Notably, the dry heat-induced Maillard reaction has been shown to 
substantially enhance the emulsifying capabilities of egg white protein through the strategic 
attachment of polysaccharides [87]. This phenomenon illustrates the profound implications of 
covalent modifications on protein functionality. 

5.2. Layer-by-Layer Assembly and Polysaccharide-Protein Interactions 

The layer-by-layer (LbL) assembly technique represents a sophisticated strategy to promote 
polysaccharide adsorption at interfaces by utilizing the electrostatic properties of polysaccharides to 
attract oppositely charged layers previously deposited [88]. This methodology, grounded in 
extensive prior research, involves meticulous sequential polymer adsorption interspersed with 
washing steps to fabricate multilayered constructs on macroscopic surfaces [89]. The core principle 
of LbL lies in the systematic layering of oppositely charged polymers, which ultimately culminate in 
a complex arrangement of alternating layers [90]. 

Guzey and McClements pioneered this approach by initiating LbL assembly with the adsorption 
of a negatively charged polysaccharide layer onto a protein film under acidic conditions, specifically 
below the protein’s isoelectric point (pI) [91]. While this strategy effectively facilitates the attraction 
of anionic polysaccharides to a cationic protein matrix, it simultaneously introduces significant 
challenges related to emulsion instability, mainly due to bridging and depletion flocculation 
phenomena [92]. The mechanisms underpinning emulsion flocculation are intricately tied to 
polysaccharide concentration: at low concentrations, bridging flocculation is favored due to increased 
collision rates, whereas at elevated concentrations, depletion flocculation dominates due to the 
accumulation of unbound molecules [93]. 

Figure 5 elucidates the inherent limitations associated with LbL assembly, emphasizing the dual 
challenges posed by bridging and depletion flocculation while suggesting a preference for mixed 
emulsion systems [94]. Wang et al. conducted a comprehensive investigation into the influence of pH 
on the electrostatic adsorption dynamics of soy protein isolate onto soy hull polysaccharide, thereby 
providing critical insights into the nuanced interactions between proteins and polysaccharides [95]. 
Their results demonstrated that elevating the pH from 2 to 4 led to significant increases in particle 
size, penetration rate, reorganization rate, and dilatational viscoelasticity within protein-
polysaccharide conjugates, alongside marked decreases in diffusion rate and interfacial pressure [96]. 
Remarkably, the adsorption of soy hull polysaccharide at the oil-water interface reached a peak at 
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pH 5, subsequently declining at pH 6. The authors attributed the observed negative zeta potential in 
the pH range of 6 to 8 to competitive adsorption phenomena occurring between protein and 
polysaccharides at the oil-water interface, highlighting the complexity of these interfacial interactions 
[97]. 

 
Figure 5. Formation of protein-polysaccharide composite layer, using layer-by-layer electrostatic 
deposition technique [57]. 

5.3. Electrostatic Interactions in Protein-Polysaccharide Complex Formation 

Protein-polysaccharide complexes, particularly when pH exceeds the isoelectric point (pH > pI), 
are predominantly formed through electrostatic attraction, a mechanism most pronounced at low 
ionic strength. The interplay of these electrostatic forces where oppositely charged entities attract 
and, like charges, repel plays a crucial role in complex assembly [98]. Research by Qi et al. 
compellingly demonstrates that acidic pH promotes and stabilizes interactions between positively 
charged gelatin and negatively charged gum Arabic, thereby underscoring the fundamental 
importance of electrostatic interactions in complex formation [97]. 

Further elucidation comes from Yao et al., who investigated the electrostatic complexation 
between gum Arabic and whey protein. Their findings reveal that the robust interaction between 
these two biomolecules leads to a stable complex, with optimal structural integrity achieved within 
a pH range of 4.0 to 5.4 [99]. This stability emphasizes the critical role of electrostatic contact in 
developing composite materials, highlighting how even minor variations in pH can significantly 
influence molecular interactions [100]. 

 

Figure 6. Mechanism of Electrostatic interactions. 

Furthermore, the strength of these electrostatic connections is profoundly affected by the degree 
of system ionization and electrolyte concentration in Figure 5. Low ionic strength environments favor 
the formation of soluble protein-polysaccharide complexes, especially when charge imbalances are 
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present [100,101]. Conversely, a near-neutral net charge can precipitate the formation of insoluble 
complexes, illustrating the complex and often counterintuitive relationships between ionic conditions 
and solubility [101]. Thus, understanding these dynamics is essential for strategically designing food 
formulations and materials that rely on protein-polysaccharide interactions. 

5.4. Steric Hindrance in Protein-Polysaccharide Interactions 

Recent investigations underscore the fundamental importance of steric hindrance in shaping 
polysaccharide-protein interactions. Zhou et al. assert that steric hindrance, dictated by spatial 
configuration and intramolecular tension, imposes substantial constraints on macromolecular 
interactions [102]. For instance, incorporating pectin significantly reduces structural perturbations in 
whey protein isolate during heat treatment, thereby markedly enhancing the stability of beta-globulin 
nanoparticles. Additionally, the covalent attachment of dextran to proteins creates solutions that 
demonstrate remarkable insensitivity to fluctuations in pH and ionic strength, a phenomenon 
directly linked to the effects of steric hindrance [102,103]. 

Moreover, glycation of whey protein obstructs thermal aggregation through steric effects, 
leading to a notable decrease in zeta potential upon heating [104]. The implications of steric hindrance 
extend well beyond food science; for instance, the engineering of porous organic polymers with 
precisely regulated steric properties has been shown to bolster the stability of solid-electrolyte 
interfaces in lithium-ion batteries [105]. These findings suggest that steric hindrance is not merely an 
incidental structural characteristic but a critical determinant that profoundly influences the stability 
and functionality of protein-polysaccharide interactions across a broad spectrum of applications 
[102]. 

5.5. Impact of Hydrogen Bonding on Polysaccharide-Protein Interactions (HBs) 

Current scientific inquiry highlights the pivotal and intricate role of hydrogen bonding in 
modulating the dynamic interactions between polysaccharides and proteins [106]. Hydrogen bonds, 
characterized by their moderate strength and localized effect, serve as crucial linkages between 
functional groups such as -SO4, -COOH, and -OH in polysaccharides, and -COOH, -NH2, and -OH in 
proteins (Figure 7). This bonding framework is notably exemplified in scenarios where pectin 
stabilizes nanoparticles comprising whey protein isolate and beta-globulin under conditions of 
thermal stress [107]. Also, the covalent attachment of dextran to proteins imparts robust resistance to 
fluctuations in pH and ionic strength within aqueous environments, owing to the stable hydrogen 
bond networks formed [106]. Guzey and McClements propose an advanced strategy involving 
depositing a negatively charged polysaccharide layer onto protein films under acidic conditions, 
strategically below the protein’s isoelectric point. This approach introduces effective steric hindrance 
mechanisms that mitigate thermal-induced protein aggregation, thereby inducing significant 
alterations in the post-heating zeta potential [108]. Furthermore, current investigations into porous 
organic polymers aim to refine tailored steric hindrance strategies to bolster the stability of solid-
electrolyte interfaces in lithium-ion batteries [109]. These comprehensive findings underscore the 
critical importance of hydrogen bonding in preserving structural integrity and orchestrating intricate 
interactions within biopolymers. 
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Figure 7. Hydrogen bonds interplaying with nitrogen (blue), oxygen (red), hydrogen (white), sulfur 
(yellow) and carbon atoms (dark-gray) simultaneously. 

5.6. Interactions Driven by Hydrophobic Forces 

Hydrophobic interactions arise from the fundamental incompatibility between non-polar substances 
and water molecules, compelling them to aggregate. Within aqueous environments, biopolymers 
featuring hydrophobic segments exhibit a pronounced tendency for these segments to coalesce, driven by 
these interactions [110]. The strength of hydrophobic interactions, characterized as a medium to long-
range solid force, increases with temperature. This phenomenon originates primarily from the system’s 
innate drive to maximize entropy, which drives the clustering of nonpolar entities within the aqueous 
milieu [111]. Critical to bio-macromolecular structure and function, hydrophobic interactions play a 
pivotal role in Figure 8. By facilitating the compact folding of proteins, for instance, hydrophobic forces 
effectively mitigate the unfavorable interactions between water molecules and non-polar residues [112]. 
The formation of complexes through hydrophobic contacts, exemplified by the Chito-san/-casein 
complexes, underscores the significant role of these interactions in biomolecular assembly [113]. 
Furthermore, hydrophobic interactions profoundly influence the thermal stability of bio-macromolecules. 
Notably, whey protein, despite its high solubility near its isoelectric point (pI), undergoes considerable 
loss of solubility upon heat-induced denaturation at this pH [104]. 

 
Figure 8. Interactions of solid and liquid nanoparticles by hydrophobic forces. 

6. The Food Soft-Material Suitability and Assembling Structural Stable Evaluation 

Understanding the microstructure of food and its connection to the overall sensory and physical 
traits is essential for crafting edible materials with adjustable properties [114]. However, analyzing 
the microstructure of food is difficult. It is challenging to discern between the microstructural 
components of food in their natural condition and during processing, much alone how they interact 
in the finished product [115]. Due to its complex nature involving multiple components and phases, 
food presents a challenging analytical task. Utilizing advanced physicochemical techniques is crucial 
for characterizing the microstructure of food systems at various processing stages. The diverse 
compatibilities among components contribute to the variable molecular assembly structure and 
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stability of soft matter in food [116]. Different characterization techniques are available, such as phase 
diagrams, microscopy, turbidity measurements, differential scanning calorimetry, rheological 
analysis, infrared spectroscopy, and other spectroscopic methods [117]. 

6.1. Phase Model Approach 

Delving into the nuanced similarities and disparities among colloidal suspension liquid diagrams, 
atomic phase diagrams, and molecular system phase diagrams has enriched our comprehension of 
dietary ingredients [17]. Traditionally constructed via centrifugal separation and meticulous visual 
scrutiny, phase diagrams are indispensable tools in delineating the intricate processing pathways within 
food science [118]. While invaluable for depicting phase transitions and their manipulation in structuring 
food substances, these diagrams are not immune to interpretative challenges stemming from inherent 
variability in observational data [119]. Moreover, the subtle nuances of macromolecular phase segregation 
can evade facile detection, complicating the accurate identification of phase separation in complex blends 
[120]. For instance, in the KGM/zein mixed system phase diagram, a region of instability emerged beyond 
the clear distinction of phase-separated and stable domains. This instability, governed by dynamic factors 
such as biopolymer concentration and viscosity, precipitated unexpected phase separation post-
centrifugation despite initial visual coherence [121]. Consequently, the nuanced interpretation of phase 
diagrams demands a multifaceted approach encompassing diverse evaluation criteria and rigorous 
sample manipulation and analysis protocols. 

6.2. Turbidity Method 

The evaluation of changes in particle size within food emulsions often relies on the turbidity 
technique, which primarily assesses variations in light transmission. This method shares similarities 
with microscopic observation approaches and integrates turbidity with colorimetric measurements 
[122]. Assessing food emulsion stability regularly involves monitoring changes in light transmittance 
using a turbidimeter after storing aliquots in covered containers. However, a challenge of the 
turbidity method is ensuring sample uniformity [123]. Agitating the sample before measurement can 
disrupt the structural assembly, potentially leading to inaccurate data. Recent studies employed 
turbidity techniques to explore molecular aggregation in curdlan water dispersions and the stability 
of mixtures of κ-carrageenan (KC) and gelatin [124]. These investigations highlighted that factors 
such as sodium chloride concentration can influence electrostatic interactions between components, 
thereby impacting the stability of the assembly structure. Various evaluation criteria and sample 
treatments influence the interpretation of phase diagrams and turbidity measurements. 

6.3. Microscopic Method 

The analysis of food structures has benefited significantly from a range of microscopy and 
microstructural analysis methods. Advanced microscopy techniques such as polarized light 
microscopy, fluorescence microscopy, scanning electron microscopy (SEM), magnetic resonance 
imaging (MRI), atomic force microscopy (AFM), laser scanning microscopy (LSM), confocal 
microscopy, and X-ray tomography provide invaluable tools for unravelling the complexities of food 
structures [125]. Microscopy is vital for observing the diverse particle morphologies and 
polymerization states as they develop over time [126]. However, challenges arise in soft matter 
systems due to water and volatile substances, leading to evaporation and supramolecular motion, 
affecting image clarity [127]. Microscopy analyses often necessitate sample preparation methods that 
ensure compatibility with high vacuum environments, requiring chemical or physical fixation. 
Techniques such as SEM, AFM, transmission electron microscopy (TEM and confocal laser scanning 
microscopy (CLSM) play crucial roles in assessing the compatibility and stability of soft matter 
assemblies in food systems [128]. Recent applications of microscopy techniques have shed light on 
molecular aggregation in curdlan dispersions and KC-gelatin mixtures, highlighting their indispensable 
role in food structure analysis. Therefore, microscopy techniques, including their operational conditions, 
advantages, disadvantages, and comparative analyses, are briefly discussed in Table 3. 
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Table 3. Operating conditions of the microscopic instrument and their advantages, disadvantages, and comparison to each other. 

Equipment Operating 
conditions 

Advantages Disadvantages Comparison Figure 

Scanning 
electron 
microscopy 
(SEM) 

Electron beam 
energy, electron 
beam current, 
vacuum level, 
working 
distance, scan 
speed, detector 
configuration, 
sample 
preparation 

1. SEM provides detailed surface 
topography and morphology of 
samples, allowing for the 
visualization of fine surface 
features [129]. 

2. SEM can be equipped with 
energy-dispersive X-ray 
spectroscopy (EDS) for elemental 
analysis of samples 

3. SEM offers a considerable 
depth of field, enabling the 
imaging of samples with uneven 
surfaces [130]. 

1. SEM typically requires 
extensive sample 
preparation. Including 
coating with a conductive 
layer, which can be time-
consuming and may 
introduce artefacts 

2. SEM operates under high 
vacuum, which limits the 
analysis of samples that are 
sensitive to vacuum 
conditions or are non-
conductive [129]. 

SEM is advantageous 
for high-resolution 
imaging of surface 
morphology and 
elemental analysis, 
while AFM offers 
high-resolution 
imaging and 
manipulation 
capabilities at the 
nanoscale. 

 

SEM 

Microscope 
using atomic 
force (AFM) 

Vacuum, air, 
liquid, 
Temperature 

 (-196~ 1000 
°C), vibrations, 
acoustic noise, 
humidity 

1. AFM provides high-resolution 
surface topography imaging and 
can measure surface properties 
such as roughness and adhesion.  

2. It allows for the manipulation 
at the nanoscale, including the 
positioning of individual atoms 
and molecules. 

1. Conventional AFM has a 
relatively low imaging rate 
compared to others such as 
SEM, TEM 

2. AFM images can be 
complex 

Both techniques have 
unique strengths and 
limitations, making 
them complementary 
tools for nanoscale 
characterization. 
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3. AFM can operate in air, liquid, 
and vacuum environments, 
making it suitable for a wide 
range [131]. 

3. AFM requires precise 
calibration, operation, and 
interpretation [132]. 

AFM 

Utilizing a 
transmission 
electron 
microscope 
(TEM) 

Vacuum, 
acceleration 
voltage, beam 
current, 
thickness, 
temperature, 
magnetic field, 
vibration 
isolation 

1. TEM provides high-resolution 
images, revealing ultrastructural 
details [133]. 

 2. TEM analyzes atomic 
structures and defects at the 
atomic scale. 

3. TEM allows real-time 
observation of material growth, 
such as graphene fabrication 
[134]. 

1. TEM sample preparation 
can be complex and time-
consuming, requiring thin 
sectioning and staining of 
samples 

2. TEM has a limited field of 
view, making it challenging 
to observe large high-
resolution areas [135]. 

TEM provides atomic-
level resolution, while 
CLSM enables optical 
sectioning and live-
cell imaging; SEM is 
ideal for direct 
imaging and 
measurements  

TEM 

Scanning 
microscope 
with confocal 
laser (CLSM) 

Laser 
wavelength, 
laser power, 
scan speed, 
detector gain, 
light, mounting 
medium, 
thickness, 
temperature, 
vibration 
isolation 

1. CLSM provides optical 
sectioning, allowing for the 
visualization of samples in three 
dimensions and the 
reconstruction of 3D images  

2. CLSM is suitable for live-cell 
imaging, enabling observing 
dynamic processes in biological 
samples [136]. 

 

1. CLSM can cause photo-
bleaching of fluorescent 
dyes, limiting imaging 
duration and penetration 
depth, thus restricting its 
use in thick samples. 
However, it can perform 
multiphoton imaging for 
deep tissue imaging and 
reduce phototoxicity [137].  

Both techniques have 
unique strengths and 
limitations, making 
them valuable tools 
for nanoscale 
characterization and 
imaging. 

 

CLSM 
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Scanning 
differential 
equations 
(DSC) 

Temperature 
range, 
heating/cooling 
rate, 
atmosphere, 
sample mass 
and 
preparation, 
calibration 

1. DSC is utilized to determine 
melting points and measure 
solubility in both aqueous and 
nonaqueous solutions, offering 
valuable data for materials 
science research [138]. 

2. It is widely employed to study 
the curing kinetics of materials, 
offering insights into 
thermosetting polymers and 
composite reactions [139]. 

1. DSC’s minimal sample 
requirement limits specific 
analyses. 

2. Cooling rate limitations in 
DSC systems impact 
studying vitrification 
solutions [140].  

3. Variations in DSC systems 
affect result interpretation 
[141]. 

DSC aids in material 
characterization, 
solubility 
measurement, and 
curing kinetics, while 
rhetorical methods 
evaluate parameters 
for purity assessment 
and thermodynamic 
relationships. 

 

DSC 

Rhetorical 
Methodology 

Purpose, 
theoretical 
framework, 
type of 
communication, 
available 
evidence 

1. Rhetorical analysis offers a 
comprehensive view, while solid 
forms’ temperature reactions 
reveal transformations and 
stability [142]. 

3.  DSC uses the equation for fast 
and efficient drug purity testing  

1. Not all fields benefit from 
rhetorical analysis, which 
may need specialized 
knowledge for 
interpretation. 

2. Using rhetorical analysis 
can be tricky due to the 
complex data  

Both have unique 
strengths and 
limitations, making 
them valuable tools in 
their fields. 

 

A single-step procedure employed 
for emulsion [143] 

Infrared 
Fourier 
transform 
(FTIR) 

State, amount, 
purge gas, 
resolution, 
number of 
scans, 
temperature 

1. FTIR reveals the molecular 
composition of various samples  

2. Fast and versatile for 
identifying and classifying 
samples, even at the subspecies 
level [144].  

1. FTIR results can vary 
based on sample 
preparation techniques. 
[146]. 

FTIR excels in 
molecular analysis 
and nanoscale 
resolution, while 
Raman offers 
chemical specificity 
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3. Advanced techniques offer 
high-resolution analysis at the 
nanoscale [145] 

2. Data analysis requires 
expertise to interpret spectra 
[147].  

and non-destructive 
identification. 

FTIR (Bio Render generated this 
diagram with some modifications) 

Raman 
spectroscopy 

Laser 
wavelength, 
power, 
concentration, 
conditions, 
resolution, 
scans, and 
detection mode 

1. It is noninvasive, requires no 
sample preparation, and works 
with aqueous samples, making it 
versatile [19,20]. 

2. Non-destructive, requires 
minimal prep and works well 
with liquids like water [150]. 

1. Low signal yield leads to 
long acquisition times, 
limiting high-throughput 
clinical analysis [151]. 

2. Fluorescence from some 
samples can further mask 
the Raman signal [152] 

Both techniques have 
unique strengths and 
limitations, making 
them valuable 
molecular analysis 
and characterization 
tools. 

Raman spectroscopy 
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6.3.1. Scanning Electron Microscopy (SEM) 

SEM offers high resolution, depth of field, and a pronounced three-dimensional appearance, 
facilitating detailed visualization of sample morphology and structure. By scanning the sample with 
a focused electron beam, SEM generates images from backscattered or secondary electrons. It is 
particularly useful in food research for examining ice crystal morphology in ice cream, droplet 
structures in emulsions, protein networks in gels, and gas bubbles in aerated fats [153]. SEM also aids 
in studying polysaccharide-protein complexes, phase separation, and film formation, such as in soy 
protein or konjac glucomannan systems [154–156]. Its advantages include simple specimen 
preparation and a notable depth of focus. 

6.3.2. Microscope Using Atomic Force (AFM) 

AFM, developed by Binnig et al. in the 1980s, is a high-resolution imaging technique that uses a 
sharp probe to map surface features through atomic force interactions, surpassing traditional 
microscopy in capturing nanoscale structures [157]. It provides detailed surface data, revealing 
irregularities and residual substances in food matrices [158]. AFM is crucial for analyzing 
polysaccharide microstructures, measuring object height, and visualizing unstained biomolecular 
aggregates. Its applications in food science include characterizing zein nanoparticle/methylcellulose 
films and HPMC soybean protein emulsions [158,159]. AFM also aids in studying emulsion behavior, 
such as clumping, enhancing our understanding of structural dynamics in food systems. 

6.3.3. Utilizing a Transmission Electron Microscope (TEM) 

TEM uses a focused electron beam to image ultrathin samples at high resolution, capturing 
nanoscale structural details through electron deflection and scattering [160]. In food science, it has 
been used to study emulsion formation in konjac glucomannan/ethyl cellulose films, revealing 
enhanced stability and homogeneity driven by synergistic interactions [161]. TEM also probes oil-in-
water emulsions, providing insights into droplet aggregation and the role of soybean soluble 
polysaccharides in emulsion stability [162], as well as investigating lipid-soluble drugs in protein-
polysaccharide complexes, such as soy protein isolate and fucoidan core-shell nanoparticles [163]. 
These applications highlight TEM’s role in analyzing material architecture and stability. 

6.3.4. Scanning Microscope with Confocal Laser (CLSM) 

CLSM is widely used in food research for analyzing emulsions’ structure and localizing labeled 
components like proteins and lipids without disturbing physiological processes [164]. This non-
invasive technique minimizes sample preparation by avoiding harsh dehydration, slicing, or fixation 
[165], enabling detailed observation of food tissue micro-heterogeneity. CLSM is key in studying 
emulsion instability, such as coalescence, flocculation, and protein aggregation, by visualizing 
microstructures and component distribution [166]. It has provided insights into thermally induced 
changes in emulsion powders, protein aggregation, and oil droplet coalescence [167]. It has been 
applied to SPI-WPI composite emulsions and KGM/zein films [168], advancing food system analysis 
and product development. 

6.4. Scanning Differential Equations (DSC) 

DSC is a key technique in thermal analysis that is used to study material responses to 
temperature changes by monitoring heat flow. It reveals critical thermal properties, such as heat 
capacity, crystallization, phase transitions, and glass transition temperatures (Tg), which impact food 
quality, including color, flavor, and nutritional value [169,170]. In food research, DSC is vital for 
studying glass transition in food systems and understanding molecular compatibility and thermal 
stability. For example, DSC analysis of k-carrageenan-poly-l-lysine gels indicates synergistic 
interactions that enhance thermal stability [172]. DSC also provides insights into the effects of 
compositional variations on food structure and stability [173]. 
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6.5. Rheological and Textural Analysis 

Rheology is essential across various industries, including food, where it provides insights into 
material behavior under different flow and deformation conditions, contributing to the 
understanding of food processing and quality control [174]. Rheology is especially valuable in food 
science as it informs the texture, stability, and mouthfeel of food products, linking closely with 
consumer preferences. Here, advanced rheological techniques, such as large amplitude oscillatory 
shear (LAOS) and Fourier transform rheology, offer more comprehensive insights compared to 
traditional viscosity assessments by capturing nonlinear behaviors and complex microstructural 
changes [175]. 

6.5.1. Rheological Measurements in Food 

Small amplitude oscillatory shear (SAOS) is a primary technique for assessing the dynamic, 
time-dependent behavior of food ingredients. It provides quantitative data on elastic modulus (G’), 
viscous modulus (G”), complex viscosity, and yield stress, which is critical for understanding texture 
and phase transitions during food processing [176]. For instance, in emulsion systems, SAOS helps 
monitor the progression of gelation or stability over time, while LAOS gives insights into how food 
systems respond to large deformations, mimicking real-world processing conditions. 

In emulsions stabilized by electrostatic interactions (e.g., lactoferrin/gum Arabic), the observed 
shear-thinning behavior—a decrease in viscosity with increasing shear rate—indicates improved 
stability and resilience, often achieved by adjusting pH levels to optimize electrostatic interactions 
[177]. Similarly, the shear-thinning behavior in pectin-myofibrillar protein complexes reflects the 
formation of a robust, interconnected network, supporting microstructural stability even under 
processing stress. 

6.5.2. Textural Analysis of Food Properties 

Beyond rheological properties, textural attributes are equally important as they define the 
sensory experience and quality of food. Key textural properties include: 

Hardness: Resistance to deformation, often associated with firmness or bite resistance in solid 
foods. 

Chewiness: Indicates how much work is required to chew the food until it’s ready to swallow, 
often relevant in products like meats or confections. 

Cohesion: A measure of the internal bonding strength of the food matrix, reflecting the extent to 
which food holds together under compression or manipulation. 

Springiness: The ability of a food to recover its shape after being compressed, critical in baked 
goods and gels. 

Crispiness: Characterizes the brittle, fracturable quality of foods like crackers or chips, where a 
clean break under minimal force is desirable.  

Each of these textural parameters directly impacts consumer perception and food quality. 
Instruments such as texture analyzers can quantitatively measure these attributes, providing data 
that can guide formulation adjustments. For example, enhancing the chewiness or crispiness of a 
snack can make it more appealing, while optimizing cohesion and springiness in gels can enhance 
their mouthfeel and consumer acceptance [175,176]. 

6.5.3. Enhancing the Rheological and Textural Analysis Section 

Given the significance of rheology and texture in food products, we will enhance this section by 
detailing how rheological methods (SAOS, LAOS) are applied in food matrices and describing in 
depth each textural attribute’s measurement, its role in food quality and how it can be optimized in 
product development. This addition will provide a holistic view of how rheology and texture 
contribute to food design and consumer experience, reflecting their essential role in product success 
[177]. 
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6.6. Physicochemical Characterization 

6.6.1. Infrared Fourier Transform (FTIR) 

FTIR integrates infrared spectroscopy with advanced computer technology, offering robust 
analytical capabilities. FTIR provides detailed insights into the chemical composition and 
functionalities of samples derived from the resulting spectrogram by analyzing specific light 
absorption patterns (frequencies) across the infrared spectrum. Widely utilized across various fields, 
FTIR is instrumental in polymer identification, studying chemical reactions, and assessing substance 
purity [178]. 

Recent applications of FTIR have extended to investigating quaternization and anion exchange 
in copolymers, along with analyzing mechanisms of polymer cross-linking. For instance, FTIR has 
been crucial in examining the mechanical properties of low-molecular-weight polymers cross-linked 
via hydrogen bonding [178]. Moreover, FTIR is employed to explore the structure of polysaccharide-
protein copolymers, providing valuable insights into hydrogen bonding dynamics among bio-
macromolecules. 

In advanced food sciences, FTIR is pivotal in evaluating structural changes in food systems. 
Studies have utilized FTIR to investigate the influence of gum Arabic on rapeseed protein isolate and 
to explore interactions in protein-polysaccharide complexes [179]. These applications underscore 
FTIR’s versatility in characterizing materials and elucidating molecular interactions essential for 
advancing various research fields. 

6.6.2. Raman Spectroscopy for Non-Destructive Molecular Identification and Analysis 

Raman spectroscopy (RS), a sophisticated analytical technique amalgamating infrared 
spectroscopy with advanced computational capabilities, delves deep into molecular structures by 
scrutinizing the energy absorption patterns of specific frequencies. Originating from the pioneering 
research of Raman and Krishnan in 1928, this method hinges on the inelastic scattering of light during 
interactions between a focused laser beam and sample molecules [180]. Each molecule’s distinctive 
Raman spectra are unique fingerprints, offering unparalleled insights into intricate molecular 
compositions and configurations [172]. 

Setting itself apart from conventional methods, Raman spectroscopy boasts several 
advantageous attributes, such as cost-effectiveness, non-destructiveness, minimal sample 
requirements, and resilience against water interference [181]. In food science, Raman spectroscopy 
excels in identifying complex food components and meticulously monitoring structural 
transformations during food processing and preparation stages [182]. For instance, recent studies 
have utilized Raman spectroscopy to meticulously examine an oil-in-water emulsion coated with an 
ovalbumin (OVA)/gum Arabic (GA) complex. This detailed analysis unveiled profound insights into 
the interplay between lipid molecules within the emulsion and the surrounding OVA/GA coating, 
unveiling nuanced changes in intensity ratios as pH levels fluctuated [183]. These observations hint 
at additional protein or polysaccharide chains interacting with the oil’s acyl chains, thereby fortifying 
the emulsion’s stability [184]. The study speculates the pivotal role of the OVA/GA combination in 
modulating lipid chain dynamics and lipoprotein interactions, ultimately enhancing the emulsion’s 
overall stability and functionality in food applications. 

6.7. Macromolecular Characterization of Component Compatibility 

A pioneering device designed to measure moisture transport laws is the cornerstone of a project 
to evaluate the structural stability of constructed environments and the compatibility of mechanisms 
within food-soft matter interactions [185]. Central to this project is the study of the spreading 
dynamics of a solution, with careful consideration given to the material’s isotropic or anisotropic 
nature. In condensed matter physics, isotropy and anisotropy refer to the uniformity or variation in 
physical and chemical properties across different directions [186]. The aqueous solutions of food soft 
matter often exhibit non-Newtonian behaviors, prominently in their spreading characteristics on 
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smooth surfaces. This study meticulously analyzes the physical attributes of the spreading solution, 
focusing on parameters such as the circularity of the contact line, thickness variations, and moisture 
content across concentric circles [187]. These metrics are pivotal in characterizing the isotropic or 
anisotropic nature of the solution, which directly correlates with the compatibility and stability of 
food components. 

The project integrates an advanced image capture system with NIR and IR spectroscopy to 
achieve this, facilitating real-time and non-destructive monitoring of the spreading process [188]. A 
novel mathematical model and conversion methodology have been developed to translate spectral 
and optical signals into an index for assessing food soft matter components’ structural compatibility 
and stability [189]. This innovative approach opens new avenues for scientific exploration in the 
analysis of food soft matter, providing deeper insights into the intricate interactions between various 
food components. 

7. Challenges and Limitations of the Methods Used Currently in Characterizing Soft Matters 

Characterizing soft matter in food stability enhancement presents formidable challenges across 
multiple analytical methodologies. Advanced techniques such as Raman spectroscopy and FTIR offer 
detailed molecular insights into food components but are hindered by complexities in sample 
preparation and data interpretation [181]. Reliant on laser light scattering, RS faces challenges in 
distinguishing subtle molecular changes amidst food matrices’ complexity, often requiring 
sophisticated computational tools for accurate analysis. Similarly, FTIR spectroscopy, powerful in 
identifying molecular vibrations, encounters limitations in resolving overlapping spectra and 
extracting structural information from heterogeneous food systems [190]. Moreover, DSC, pivotal for 
probing thermal transitions, struggles with interpreting overlapping heat flow signals, affecting 
precision in defining critical transition temperatures crucial for food stability assessments [191].  

Microscopy techniques, including SEM and CLSM, provide visual insights into food 
microstructures but grapple with challenges such as sample dehydration artefacts and limited depth 
of field. SEM, renowned for high-resolution imaging, requires meticulous sample preparation under 
vacuum conditions, potentially altering soft matter structures [192]. In contrast, CLSM’s ability to 
visualize fluorescently labeled components offers advantages in studying dynamic processes but is 
constrained by probe availability and complex image analysis in heterogeneous food matrices [193] 

Rheological methods, such as SAOS and LAOS, provide critical data on viscoelastic properties 
and flow behavior of food emulsions but face challenges in standardizing experimental conditions to 
reflect real-world processing. Non-Newtonian behaviors further complicate rheological 
measurements, necessitating sophisticated modelling to extract stability-relevant parameters [194]. 

NIR and IR spectroscopy in real-time monitoring for assessing moisture transport and structural 
stability introduces challenges related to calibration accuracy and spectral interference from food 
components [195]. Integrating these techniques with image analysis systems requires robust 
mathematical models to translate spectral data into indices for evaluating soft matter interactions and 
their impact on food stability [196]. 

Addressing these challenges requires interdisciplinary approaches combining advanced 
analytical techniques with computational modelling and innovative experimental designs tailored to 
food soft matter systems’ intricacies. Overcoming these hurdles promises deeper insights into 
structural dynamics and stability mechanisms essential for resilient food formulations against 
processing and storage challenges. 
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Figure 9. Comparison of the typical spatial resolution of essential materials characterization imaging 
methods AFM, TEM, SEM, Light microscopy, and X-ray imaging. 

8. New Trends in the Fields of Soft-Matter Intricate Food Manufacturing   

8.1. Printing of Soft-Matter-Induced Food Structures 

Converting soft matter principles and additive manufacturing techniques opens food 
customization and stability frontiers. 3D printing allows for fabricating intricate food structures with 
tailored mechanical properties, mimicking the hierarchical organization found in natural food 
matrices [197]. Researchers can precisely engineer textures and release profiles that optimise taste 
perception and nutrient delivery by controlling the viscosity, elasticity, and shear-thinning behavior 
of food-grade hydrogels and emulsions [198]. These soft matter considerations extend beyond mere 
structural aesthetics, encompassing dynamic interactions between printed layers and encapsulated 
bioactive compounds, paving the way for personalized nutrition solutions and novel culinary 
experiences [199]. 

8.2. AI and Machine Learning in Food Formulation 

The advent of AI and machine learning algorithms is poised to revolutionize food formulation 
by unravelling the complex interplay of soft matter interactions between ingredients [200]. By 
harnessing vast datasets on molecular structures, interfacial energies, and rheological behaviors, AI-
driven models can predict optimal formulations that balance stability, texture, and nutrient 
bioavailability [201]. This predictive capability extends beyond conventional empirical approaches, 
offering a deeper understanding of how soft matter phenomena such as phase transitions, gelation 
kinetics, and colloidal stability influence product performance under diverse environmental 
conditions [202]. Moreover, AI-guided formulation strategies enable agile responses to market trends 
and regulatory requirements, ensuring sustained innovation in functional foods and personalized 
nutrition tailored to individual preferences and health needs [203]. 

8.3. Biodegradable and Edible Packaging 

The quest for sustainable packaging materials underscores the intricate soft matter challenges in 
developing biodegradable and edible solutions. Biopolymers derived from renewable sources exhibit 
complex viscoelastic behaviors and interfacial interactions within food matrices, impacting 
mechanical strength, barrier properties, and biodegradation kinetics [204]. By leveraging soft matter 
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principles, such as polymer chain entanglements and supramolecular assembly, researchers can 
design next-generation packaging materials that mimic conventional plastics’ functionalities and 
interact synergistically with food components to extend shelf life and minimize environmental 
footprint [197]. Moreover, advances in nanotechnology enable the incorporation of active agents 
within biodegradable matrices, further enhancing their efficacy in preserving food quality through 
controlled release mechanisms and targeted antimicrobial activities [205]. 

8.4. Precision Fermentation for Novel Ingredients 

Precision fermentation heralds a new era in soft matter engineering by enabling precise control 
over the biosynthesis of functional ingredients with tailored physicochemical properties. Engineered 
microorganisms can produce bioactive peptides, enzymes, and flavors that interact dynamically with 
food matrices, influencing soft matter phenomena such as emulsification, gelation, and viscoelastic 
behavior [206]. By elucidating the molecular mechanisms governing these interactions, scientists can 
optimize fermentation processes to enhance fermented foods’ stability, sensory attributes, and 
nutritional profiles [207]. Furthermore, integrating computational modeling and systems biology 
approaches offers unprecedented insights into metabolic pathways and substrate utilization. This 
drives innovation in personalized nutrition and sustainable food production based on soft matter 
principles. 

8.5. Advanced Imaging and Spectroscopy Techniques 

The application of advanced imaging and spectroscopy techniques unveils the intricate soft 
matter architecture and molecular dynamics within food systems. From high-resolution microscopy 
to spectroscopic analyses, these non-invasive methodologies provide unparalleled insights into 
microstructural organization, phase transitions, and molecular interactions at multiple length scales 
[208]. By mapping spatial distributions of colloidal particles, lipid domains, and protein networks, 
researchers can correlate structural features with macroscopic properties such as texture, stability, 
and shelf life [209]. Moreover, spectral imaging modalities offer real-time monitoring of chemical 
compositions and functional groups, facilitating rapid quality assessment and process optimization 
based on soft matter science principles.  

8.6. Robotics and Automation in Food Processing 

Robotics and automated systems are poised to revolutionize food processing by orchestrating 
precise control over soft matter dynamics during manufacturing and packaging operations. 
Programmable robots equipped with adaptive grippers and sensor arrays optimize the handling and 
manipulation of soft materials such as gels, emulsions, and foams, ensuring uniformity in texture, 
appearance, and structural integrity [210]. Automated workflows minimise processing variability 
and enhance product consistency across batch production by integrating soft matter insights, such as 
shear-thinning behavior and particle dispersion kinetics [211]. Furthermore, machine learning 
algorithms enable adaptive control strategies that respond dynamically to real-time changes in soft 
matter properties, ensuring optimal process conditions and product quality in a competitive 
marketplace. 

8.7. Personalized Nutrition and Functional Foods 

The convergence of personalized nutrition with soft matter principles promises tailored 
formulations that optimize bioavailability, stability, and sensory appeal based on individual health 
profiles and dietary preferences. By deciphering the intricate soft matter interactions between 
bioactive compounds and food matrices, researchers can design functional foods with enhanced 
nutrient delivery systems, controlled release profiles, and targeted health benefits [212]. Advanced 
omics technologies, including genomics and metabolomics, offer unprecedented insights into 
molecular mechanisms underlying dietary responses and metabolic pathways, guiding precision 
formulations that mitigate health risks and promote well-being. Moreover, bioinformatics-driven 
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approaches enable data-driven decision-making in personalized nutrition, facilitating evidence-
based strategies for disease prevention and management through innovative soft matter engineering 
solutions [213] 

To ratify, by embracing the complexities of soft matter physics across these futuristic 
approaches, the food science community can unlock transformative capabilities to enhance food 
stability, characterization, and consumer satisfaction in an increasingly dynamic global market 
landscape. These advancements not only push the boundaries of technological innovation but also 
underscore the pivotal role of soft matter principles in shaping the future of food sustainability, 
safety, and personalized nutrition on a global scale. 

8.8. Phytochemical-Induced Immune-Stimulating Functional Foods 

Phytochemical-induced immune-stimulating functional foods enhance the body’s natural 
defence mechanisms through the beneficial effects of plant-derived compounds. These foods 
incorporate phytochemicals like flavonoids, carotenoids, and polyphenols, which are known for their 
antioxidant, anti-inflammatory, and immune-modulating properties [213]. These functional foods 
improve gut health and bolster the immune system by promoting the growth of beneficial gut 
bacteria such as Bifidobacteria, Lactobacilli, and Faecalibacterium prausnitzii. Regularly consuming 
such foods, including berries, green tea, fermented products, and fibre-rich vegetables, can lead to a 
more resilient immune response, better overall health, and enhanced protection against diseases 
[214]. 

9. Conclusions 

The intricate interplay and structural dynamics of dietary soft matter components, particularly 
natural polymers such as polysaccharides and proteins, stand as pivotal frontiers in advance in food 
science and industry. These polymers can form robust interconnections based on their assembly 
structures, wherein the delicate balance between attraction and repulsion dictates successful self-
assembly processes while accommodating structural flexibility through weak interactions. However, 
the integrity of these systems can be compromised by excessive intensity or fluctuations in 
environmental conditions. A diverse array of physical and chemical methodologies, including phase 
models, turbidity measurements, microscopy, thermal analysis, rheology, and spectroscopy, serve as 
indispensable tools for probing the compatibility and association of soft matter components. 
Leveraging the unique properties of soft matter, encompassing polymers, colloids, and emulsions, 
holds promise for pioneering solutions to combating challenges such as food spoilage, extending 
shelf-life, and enhancing sensory attributes. Future research endeavours must develop intelligent 
food systems that adapt to environmental cues, ensuring sustained quality throughout the supply 
chain. Ultimately, a profound understanding of intra-soft matter interactions is paramount in driving 
innovation toward functional food products and fostering diverse applications within the dynamic 
landscape of the food industry. 
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