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Soft matter physics, encompassing materials such as polymers, colloids, emulsions, gels, and foams,
provides a powerful framework for understanding the structural and functional complexity of food
systems. This review explores the application of soft matter principles in food science, from molecular
interactions to macroscopic structuring. The behavior of food materials under various stresses and
environmental conditions is governed by key physical principles including thermodynamics, phase
transitions, and molecular dynamics. These principles elucidate how protein-polysaccharide networks,
colloidal assemblies, and emulsified systems determine food texture, stability, and sensory properties.
Rheology, a central tool of soft matter science, enables quantitative analysis of viscoelastic properties,
guiding product design, formulation, and processing optimization. Processing techniques such as
extrusion, high-pressure processing, and 3D printing are examined through the lens of soft matter
behavior, offering precise control over microstructure and texture. Furthermore, the review highlights
the emerging integration of artificial intelligence (Al) in modeling and predicting the physicochemical
By bridging
molecular—scale interactions with macro-scale material behavior, soft matter physics enables the

properties of complex food matrices, accelerating innovation and quality control.
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transformative potential of soft matter physics in shaping the future of food science and engineering.

DOI: 10.1039/d5fb00172b

and personalization. Overall, review underscores the
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This review highlights how principles of soft matter physics can drive the sustainable design of food systems by enabling precise control over structure,
functionality, and processing efficiency, thereby reducing resource use, enhancing product quality, and supporting environmentally responsible innovation in
the food industry.

temperature thermal energy (kBT)." These materials exhibit an
intermediate state between conventional solids and liquids,
demonstrating viscoelastic properties, structural complexity,
and responsiveness to external stimuli that derive from their

1. Introduction

The study of food science is increasingly intersecting with
physics, particularly in the development of soft matter physics,

as researchers strive to understand the fundamental physical
principles that govern the properties and behaviors of food
materials. Soft matter represents a distinct class of materials
characterized by their susceptibility to significant structural
deformation when subjected to thermal fluctuations or weak
external stresses at energy scales comparable to room
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mesoscopic structure (1-100 nm scale). The essential defining
features of soft matter include weak interparticle interactions
dominated by entropic effects rather than enthalpic contribu-
tions; structural heterogeneity with characteristic length scales
exceeding atomic dimensions; significant thermal fluctuations
leading to complex phase behaviors; and pronounced sensi-
tivity to boundary conditions and processing history.?

Food systems, comprising proteins, polysaccharides, lipids,
and their assemblies, are quintessential examples of soft
matter, as they form complex structures including emulsions,
foams, gels, and colloidal dispersions through non-covalent
interactions and self-assembly processes. These materials are
prevalent in food products, where their unique properties
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contribute to the texture, stability, and overall sensory experi-
ence of foods. The ability to manipulate and control these
properties through a deep understanding of their physical basis
is becoming a key area of focus for food scientists.

Recent advancements in soft matter physics have provided
valuable insights into the structuring and behavior of food
materials at various scales, from the molecular level to macro-
scopic structures. For example, the study of colloidal interac-
tions has led to a better understanding of emulsion stability,
which is crucial for products like mayonnaise and salad dress-
ings.? Similarly, the application of rheological principles has
been essential in optimizing the texture and flow properties of
foods, which directly impact consumer perception and accept-
ability.* Moreover, the incorporation of advanced processing
techniques, guided by principles from soft matter physics, has
enabled the development of novel food structures and textures,
enhancing both the functional and sensory attributes of food
products.®

Studies on molecular dynamics and self-assembly processes
have also contributed significantly to understanding the
formation of food structures at the nanoscale. For instance,
research into protein and polysaccharide interactions has
revealed how these molecules self-organize to form gels and
foams, which are vital for the texture of many food products.®
The study of phase transitions and gelation mechanisms
further enhances our ability to manipulate food properties
during processing and storage.” Additionally, understanding
the role of surface and interfacial tensions in emulsions and
foams has enabled the development of more stable and desir-
able food products.®

The relevance of physics to food science extends beyond
traditional boundaries, engaging researchers from diverse
fields such as condensed matter physics, colloid science, and
rheology. This interdisciplinary approach not only deepens our
understanding of food materials but also fosters innovation in
food product development and processing technologies. For
example, high-pressure processing, informed by the principles
of phase behavior and material deformation, has been widely
adopted to improve the safety and quality of various food
products without compromising their sensory attributes.’
Similarly, advancements in extrusion technology, supported by
rheological studies, have enabled the creation of novel textures
and shapes in processed foods.*

By leveraging physical principles, food scientists can better
predict and manipulate the behavior of complex food systems,
leading to more efficient production processes, enhanced
product quality, and improved consumer satisfaction.
Emerging technologies such as 3D food printing and the
application of artificial intelligence in food design are opening
new frontiers in the intersection of physics and food science,
demonstrating the dynamic and evolving nature of this field."

The objective of this review is to explore how principles of
soft matter physics are applied to food science, highlighting
both fundamental and applied aspects. This review will discuss
the physical principles underlying food materials, from molec-
ular interactions and self-assembly processes to the macro-scale
structuring of food products. Key areas covered will include the
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role of colloid science in food design, the importance of rheo-
logical properties in food texture and consistency, and the
impact of advanced processing techniques informed by soft
matter physics. Additionally, the review will examine the
emerging role of artificial intelligence in modeling and pre-
dicting the physical properties of food systems, demonstrating
the evolving nature of this interdisciplinary field. By providing
a comprehensive overview of these topics, this review aims to
bridge the gap between fundamental physics and practical
applications in food science, offering valuable insights for
researchers and industry professionals alike.

2. Fundamental principles of soft
matter physics in food science

Soft matter constitutes a distinct class of condensed matter
characterized by: (1) structural organization at intermediate
length scales (nanometers to micrometers) between atomic and
macroscopic dimensions; (2) high susceptibility to deformation
by thermal fluctuations or weak external forces (stresses on the
order of 10° to 10° Pa); (3) non-equilibrium behaviors including
metastability, path-dependence, and structural relaxation
phenomena; and (4) emergent physical properties that arise
from collective interactions rather than individual molecular
attributes.> These materials including polymers, colloids,
foams, emulsions, gels, and liquid crystals exhibit dual solid-
like and liquid-like properties depending on observation time-
scales and applied stresses, a phenomenon quantified through
viscoelastic parameters. This duality stems from the delicate
energetic balance between entropic and enthalpic contribu-
tions, where thermal energy (kBT) often competes with inter-
particle interaction potentials, enabling rich phase behaviors
and structural transitions. In food systems, soft matter princi-
ples govern the hierarchical organization from molecular
assemblies to macroscopic structures, directly influencing
texture, stability, and functional properties. This intrinsic
multiscale character makes soft matter an essential framework
for understanding and controlling food material properties
across physics, chemistry, biology, and engineering disciplines.

Recent advancements in soft matter physics have focused on
understanding the structural dynamics and phase transitions of
these materials under various conditions. For instance, studies
using quantum sensors to probe phase transitions in soft
matter systems, such as liquid crystals, have demonstrated
distinct phase behaviors near room temperature, highlighting
the material's sensitivity to external conditions.*

2.1 Key principles: thermodynamics, phase transitions, and
molecular dynamics

Soft matter physics is governed by several key principles,
including thermodynamics, phase transitions, and molecular
dynamics, which collectively determine the behavior and
properties of soft materials. Thermodynamics, the study of
energy and its transformations, plays a crucial role in under-
standing the stability and interactions within soft matter
systems. For example, the phase behavior of emulsions and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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foams can be analyzed through thermodynamic parameters
such as free energy, enthalpy, and entropy.®

Phase transitions, such as gelation, crystallization, and glass
transitions, are critical phenomena in soft matter physics that
describe the changes in state or phase of a material under
varying conditions of temperature, pressure, or concentration.
Understanding phase transitions is vital in food science for
manipulating the texture and consistency of food products,
such as the transformation of liquid milk into yogurt or cheese
through controlled coagulation and gelation processes. Recent
studies have employed micro-photonics and optical sensors to
monitor these phase transitions in real-time, providing new
insights into the molecular mechanisms underlying these
changes.”

Molecular dynamics, which involves the simulation of
particle motion at the atomic or molecular scale, provides
insights into the kinetic behaviors and structural evolution of
soft matter systems. These simulations have been instrumental
in modeling the self-assembly of proteins, polysaccharides, and
lipid molecules in food systems, helping researchers predict the
formation of various structures and textures in foods."* Addi-
tionally, the elastocapillary interactions in thermoresponsive
microgels have been studied to understand how these materials
transition between swollen and collapsed states, which is
crucial for designing responsive food textures.'®

2.2 Types of soft matter in food systems

Soft matter physics encompasses various types of materials
commonly found in food systems, each playing a distinct role in
determining the structure, texture, and stability of food
products.

2.2.1 Polymer-based soft matter systems. In food science,
biopolymers such as proteins and polysaccharides serve as
structural ingredients that, through specific interactions and
assembly processes, form soft matter systems rather than being
soft matter themselves. This distinction is crucial for under-
standing the hierarchical organization of food structures.

Proteins undergo self-assembly and aggregation processes to
create various soft matter states including gels, foams, and
interfacial networks. For instance, globular proteins like (-
lactoglobulin and a-lactalbumin form three-dimensional gel
networks through controlled denaturation and cross-linking,
where the resulting viscoelastic properties emerge from the
collective organization of individual protein molecules rather
than from the properties of isolated proteins.'® Similarly,
fibrillar proteins such as collagen and myofibrillar proteins
contribute to meat texture by assembling into networked
structures whose rheological behavior characterizes them as
soft matter."”” The soft matter characteristics arise from the
supramolecular assemblies formed by these proteins, not from
the individual protein molecules.

Polysaccharides likewise serve as building blocks for soft
matter systems in foods. Starch, upon gelatinization, trans-
forms from granular particles into a continuous viscoelastic
matrix exhibiting characteristic soft matter properties including
shear-thinning behavior, yield stress, and thixotropy. Other
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polysaccharides such as cellulose derivatives, pectins, and
alginate form soft matter systems through gelation, often trig-
gered by specific conditions (thermal treatment, ion presence,
pH changes). For example, low-methoxyl pectins form soft
matter gels through calcium-mediated junction zones, where
the structural organization across multiple length scales
determines the mechanical and functional properties of the
resulting system.®

These biopolymer-based soft matter systems derive their
physical characteristics from the collective interactions and
structural organization of their constituent molecules rather
than from the properties of individual biopolymers. The
distinction is analogous to that between individual bricks and
a completed building: just as bricks themselves are not build-
ings but rather the components from which buildings are
constructed, proteins and polysaccharides are not themselves
soft matter but rather the molecular building blocks from which
soft matter systems in foods are assembled.

Recent research has provided a comprehensive under-
standing of how food biopolymers can be manipulated to
control the formation and properties of soft matter systems. For
instance, controlled aggregation of proteins through precise
adjustment of pH, ionic strength, and temperature enables the
creation of soft matter structures with tailored rheological and
textural properties.” Similarly, the modification of poly-
saccharide architecture through enzymatic or chemical means
allows for customization of the resulting soft matter behaviors,
enhancing functionality in food applications.

2.2.2 Colloidal systems in foods. Colloidal systems repre-
sent a fundamental category of soft matter characterized by
dispersions where one phase is distributed within another at
length scales typically ranging from nanometers to microme-
ters. In food science, colloidal systems encompass diverse
structures including emulsions, solid dispersions, foams, and
gels, unified by their common physical principles of interfacial
phenomena, particle interactions, and thermodynamic
stability.”® Fig. 1A illustrates this hierarchical classification,
showing how colloidal delivery systems can be categorized
based on structure (homogeneous vs. heterogeneous), size
(micro vs. nano), physical state (crystalline, liquid crystalline,
liquid, or amorphous), and composition (carbohydrate, protein,
or lipid-based). This multidimensional classification frame-
work provides a systematic approach to understanding the
relationships between different colloidal systems in foods.

2.2.2.1. Solid and semi-solid colloidal dispersions. Solid and
semi-solid colloidal dispersions in foods include protein
aggregates, starch granules, fat crystals, and micelles dispersed
in continuous phases. Milk serves as a classic example of
a complex colloidal system where casein micelles (colloidal
assemblies of approximately 120 nm diameter) coexist with fat
globules and whey proteins in an aqueous continuous phase.
The stability and rheological characteristics of these disper-
sions derive from the balance between attractive and repulsive
forces including electrostatic interactions, steric hindrance,
and van der Waals attractions."®

As shown in Table 1, multicomponent colloidal systems
provide elastic structure, enhanced stability, and controlled
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Fig.1 (A) Different categories of colloidal delivery systems;?® (B) different kinds of advanced emulsion systems that can be designed using food-
grade ingredients;*® (C) mechanisms of food gel formation and their typical structures. (a) Polysaccharide gels: egg-box model in Ca®* alginate
gels. (b) k-Carrageenan gels formed by the coil chain-to-single helix transition and intra-/interhelical associations, progressing through primary,
secondary, tertiary, and quaternary structures. (c) Protein gels: triple helix formation in gelatin gels. (d) Fractal colloidal network formation
resulting from random protein aggregation near the isoelectric point (IEP) or under high salt conditions. (e) Amyloid fibril network with
a characteristic cross-f structure, formed at low pH.3*
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Table 1 The Role of soft matter in enhancing structural, functional, and sensorial attributes of food products

Effect on structural,
functional, and sensorial

Soft matter type Structure attributes Findings/data References
Emulsion gels 3D networks with Enhances texture by providing Emulsion gels are used for 32
emulsion dispersion a semisolid, creamy structure; texture modification, fat
improves stability and replacement, and probiotic
controlled release of bioactive delivery
compounds
Colloidal systems Multicomponent Provides elastic structure, Colloidal systems help 28
colloids enhanced stability, and maintain structural integrity
controlled digestibility and affect lipid digestion rates
in the GI tract
Protein-stabilized Protein-based droplet Improves viscoelastic The study found power-law 33
emulsion gels gels properties, enhancing food behavior in the viscoelasticity
texture and stability of protein gels, improving gel
hardness
Polymeric gels Linear or branched Enhances mechanical Multi-component organogels 26
polymer networks strength, contributes to fat showed significant rheological
replacement, and increases improvement due to
texture hardness synergistic interactions of
gelators
Colloidal gels Fractal colloidal Provides solid-like mechanical Active colloids embedded in 27
networks properties; reduces elasticity fractal cluster gels reduced gel
when embedded with active elasticity, creating
colloids reconfigurable properties
Microgels Cross-linked polymer Affects texture and stability in Microgels improve foam and 34
networks food foams and emulsions, emulsion stability, with
enhancing phase behavior complex phase behaviors due
to particle deformability
Bigels Two-phase system with Improves hardness and Bigels exhibit synergistic 26
hydrogel and oleogel mechanical strength, suitable properties, with higher moduli
for fat replacement and texture and hardness than mono-
enhancement component gels
Colloidal foams Colloidal particles Provides aeration and Colloidal foams were found to 35
dispersed in gas lightness to food textures; stabilize emulsions and
improves stability improve texture in food
products like mousses
Emulsion particulate Network of aggregated Enhances texture through Active oil droplets increase gel 28
gels emulsion droplets droplet-induced gelation, modulus, while inactive
offering fat replacement droplets reduce gel texture
potential hardness
Responsive microgels Adsorbed at fluid Enhances foam and emulsion Responsive microgels deform 36

interfaces

stability, providing on-demand
texture modification

at interfaces, offering control
over foam and emulsion
properties

digestibility in food applications. These systems help maintain
structural integrity and modulate lipid digestion rates in the
gastrointestinal tract,”* demonstrating how the colloidal nature
of food structures directly influences both sensory and nutri-
tional properties.

2.2.2.2. Emulsions. Emulsions constitute a specific subcat-
egory of liquid-liquid colloidal dispersions where immiscible
fluids, typically oil and water, form metastable systems through
the action of emulsifiers. Fig. 1B illustrates the diversity of
advanced emulsion systems that can be designed using food-
grade ingredients, including conventional emulsions, nano-
emulsions, pickering emulsions stabilized by particles, multiple
emulsions (W/O/W), high internal phase emulsions (HIPEs),
solid lipid particles, and multilayer emulsions.** This system-
atic progression from simple to complex emulsion architectures

© 2025 The Author(s). Published by the Royal Society of Chemistry

demonstrates how structural engineering at the colloidal level
enables enhanced functionality.

The stability and rheological behavior of food emulsions
depend on interfacial tension, droplet size distribution, and
stabilizing mechanisms. Recent research has developed multi-
scale frameworks to understand how molecular particle archi-
tecture affects emulsion behavior at liquid interfaces, providing
predictive models for emulsion stability.”® Table 1 documents
how protein-stabilized emulsion gels improve viscoelastic
properties, enhancing food texture and stability, with quanti-
tative studies revealing power-law behavior in the viscoelasticity
of protein gels that contributes to improved gel hardness.

Emulsion particulate gels, as noted in Table 1, represent an
interesting hybrid system where networks of aggregated emul-
sion droplets enhance texture through droplet-induced
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gelation, offering significant potential for fat replacement
applications. The active vs. inactive behavior of oil droplets in
these systems has been shown to directly influence gel modulus
and texture hardness, highlighting the relationship between
microscopic structure and macroscopic properties in colloidal
food systems.

2.2.2.3. Foams. Foams represent gas-in-liquid or gas-in-
solid colloidal dispersions characterized by gas bubbles
distributed within continuous phases. In foods, foams
contribute to products like whipped cream, bread, meringues,
and mousses, where their stability and textural properties
derive from interfacial phenomena and structural mechanics.”*

As documented in Table 1, colloidal foams—where colloidal
particles are dispersed at gas-liquid interfaces provide aeration
and lightness to food textures while significantly improving
stability compared to conventional surfactant-stabilized foams.
These systems have been found to stabilize emulsions and
improve texture in food products like mousses,** demonstrating
the advantages of particle stabilization in foam structures.

Research into chemoresponsive soft matter using hydrogen-
bonded liquid crystals has expanded the potential for devel-
oping food foams with responsive characteristics that change
properties in response to specific stimuli.>® Table 1 also high-
lights how responsive microgels adsorbed at fluid interfaces
enhance foam and emulsion stability, providing on-demand
texture modification capabilities through environmental
responsiveness. These microgels deform at interfaces, offering
unprecedented control over foam and emulsion properties,
representing an advanced application of colloidal principles in
food structure design.

2.2.2.4. Gels. Gels represent a distinct category of colloidal
systems characterized by three-dimensional networks that
immobilize large volumes of liquid, creating viscoelastic struc-
tures with solid-like mechanical properties despite high liquid
content (often exceeding 90%). Fig. 1C illustrates several gela-
tion mechanisms in food systems: (a) polysaccharide gels
formed through the “egg-box” model in Ca** alginate gels; (b) k-
carrageenan gels progressing through primary to quaternary
structures via coil-to-helix transitions and inter-helical associ-
ations; (c) protein gels formed through triple helix structures in
gelatin; (d) fractal colloidal networks resulting from protein
aggregation; and (e) amyloid fibril networks with characteristic
cross-p structures. This systematic illustration of diverse gela-
tion mechanisms demonstrates how different molecular inter-
actions and assembly pathways lead to distinct gel structures
with varying functional properties.

Table 1 documents multiple gel-based soft matter systems
and their functional contributions to food properties. Polymeric
gels formed from linear or branched polymer networks enhance
mechanical strength, contribute to fat replacement, and
increase texture hardness. Multi-component organogels show
significant rheological improvement due to synergistic inter-
actions between gelators,* demonstrating how combination
approaches can enhance gel functionality beyond what is
possible with single-component systems.

Colloidal gels, characterized by fractal colloidal networks,
provide solid-like mechanical properties that can be modulated
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through composition and processing.”” As noted in Table 1,
embedding active colloids in fractal cluster gels reduces gel
elasticity, creating reconfigurable properties that respond to
external stimuli. This responsive behavior offers new possibili-
ties for creating adaptive food textures that change during
consumption or processing.

Microgels, cross-linked polymer networks at the micro-
scale—affect texture and stability in food foams and emulsions,
enhancing phase behavior through their unique deformability
characteristics, as documented in Table 1. Bigels, representing
two-phase systems combining hydrogel and oleogel compo-
nents, demonstrate synergistic properties with higher moduli
and hardness than mono-component gels,* offering novel
approaches to fat replacement and texture enhancement in
food applications.

Emulsion gels, as highlighted in Table 1, combine the
properties of emulsions and gels to create 3D networks with
emulsion dispersion, enhancing texture through semisolid,
creamy structures while improving stability and enabling
controlled release of bioactive compounds. These systems have
been successfully employed for texture modification, fat
replacement, and probiotic delivery applications,”® demon-
strating their versatility as functional food ingredients.

2.2.3 Liquid crystals and complex fluids. Beyond conven-
tional colloidal systems, liquid crystalline phases represent
another important category of soft matter in foods, character-
ized by orientational order while maintaining some degree of
mobility. Fig. 1A includes liquid crystals (mesophases)c as one
of the possible physical states of colloidal delivery systems,
positioned between crystalline and liquid states. These include
thermotropic and lyotropic liquid crystals formed by amphi-
philic molecules like monoglycerides and phospholipids in the
presence of water. Such mesophases play crucial roles in fat
crystallization, emulsion stability, and the functionality of
certain food additives. Complex fluids including polymer solu-
tions, micellar systems, and microemulsions constitute addi-
tional soft matter categories relevant to food applications.
These systems often exhibit non-Newtonian flow behaviors,
including shear-thinning, yield stress, and viscoelasticity, which
directly influence processing requirements and sensory attri-
butes of food products.

3. Molecular interactions in food
systems

Molecular interactions including van der Waals forces,
hydrogen bonding, ionic interactions, and hydrophobic inter-
actions govern the assembly, stability, and functional behavior
of food molecules across multiple scales. Understanding these
interactions at a mechanistic level is essential for controlling
food structure and properties.

3.1 Van der Waals forces

van der Waals forces comprise three distinct contributions
Keesom (dipole-dipole), Debye (dipole-induced dipole), and
London dispersion (induced dipole-induced dipole)

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00172b

Open Access Article. Published on 06 June 2025. Downloaded on 12/3/2025 10:27:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

interactions that collectively determine the aggregation and
stabilization behavior of food macromolecules.*” In food
systems, these relatively weak forces (0.4-4 k] mol ') operate at
short distances with interaction potentials scaling as r°, where
r represents intermolecular separation. A quantitative analysis
of macadamia nut protein-lipid interactions revealed that van
der Waals forces contribute approximately 60% of the total
binding energy (—7.32 kcal mol™ ") when interacting with pal-
mitoleic acid, with interaction distances ranging between 3.8-
4.2 A for optimal stability.*® This effect, summarized in Table 2,
demonstrates how these relatively weak interactions can
significantly enhance protein stabilization and textural prop-
erties in food systems.

In Pickering emulsions, where solid particles stabilize oil-
water interfaces, van der Waals forces create a delicate equi-
librium with image charge repulsions, maintaining non-
adsorbed particles at critical separation distances (7, = 50
nm) from the interface, as depicted in Fig. 2A.

Mechanistically, van der Waals forces contribute to food
texture development through their cooperative effects in
multicomponent systems. For instance, in wheat dough
systems, the cumulative effect of numerous weak van der Waals
interactions between gluten proteins creates sufficient cohesive
strength (measured rheologically as storage moduli exceeding
10" Pa) to maintain structural integrity during processing.*® The
temperature dependence of these interactions (decreasing by
approximately 0.5% per °C) explains the observed textural
changes during thermal processing of protein-rich foods.

3.2 Hydrogen bonding

Hydrogen bonds is a directional electrostatic interactions
between a hydrogen atom bonded to an electronegative donor
(O, N, F) and another electronegative acceptor atom are crucial
determinants of food structure, with bond energies ranging
from 4-40 k] mol ' depending on donor-acceptor geometry
and electronic environment.** A mechanistic case study of
xanthan gum-mucin interactions, documented in Table 2,
demonstrated that hydrogen bonding significantly increases
complex viscosity (by factors of 45-70x) under acidic conditions
(pH 3.0-4.5). Spectroscopic analysis revealed that this effect
derives from the formation of intermolecular hydrogen bonds
between the pyruvate and acetate groups of xanthan and the
glycosylated regions of mucin, with bond densities exceeding
0.8 bonds per monosaccharide unit. This hydrogen bonding
network creates transient junction zones that dramatically
enhance viscoelastic properties, as evidenced by dynamic
mechanical analysis showing storage moduli (G') increasing
from 2.3 Pa to 138 Pa upon complex formation.

In meat analog systems, hydrogen bonding between plant
protein B-sheets creates a hierarchical fibrous structure that
mimics muscle tissue organization, as illustrated in Fig. 2B.
These biopolymer networks demonstrate how hydrogen bonds
can create complex architectural elements in food systems,
providing structural integrity and texture. Fourier transform
infrared (FTIR) spectroscopy quantitatively demonstrates shifts
in amide I bands (1620-1640 cm ') during thermal processing,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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corresponding to intermolecular hydrogen bond formation
with enthalpic contributions of 12-18 k] mol™".” This mecha-
nistic understanding enables precise control of textural prop-
erties through processing parameter optimization.

3.3 Ionic interactions

Ionic interactions in food systems arise from coulombic forces
between charged groups, with interaction energies of 20-
40 kJ mol™' in aqueous environments due to dielectric
screening. The classic example of ionic interaction-mediated
structure formation in food systems is the casein micelle,
where phosphoserine residues interact with calcium phosphate
nano-clusters to form a colloidal assembly approximately
120 nm in diameter, as depicted in Fig. 2C. Quantitative small-
angle X-ray scattering (SAXS) analysis has revealed that these
calcium-mediated ionic bridges contribute binding energies of
15-25 kJ mol ' per interaction, creating a thermodynamically
stable structure that resists dissociation under normal food
processing conditions until the calcium activity is reduced
below critical thresholds (approximately 3 mM free Ca>")."*

As shown in Table 2, ionic interactions between amino acid
side chains and ionic liquids can stabilize protein structures
through favorable enthalpy contributions that compensate for
entropic costs. These interactions are particularly important in
foods with varying pH and salt concentrations, where they can
significantly impact structure formation and stability.

The pH-dependent nature of ionic interactions enables
switchable functionality in food systems. For example, studies
of whey protein isolate gelation demonstrate that lowering pH
from 7.0 to 5.0 (approaching the isoelectric point) reduces
electrostatic repulsion between protein molecules, allowing
closer approach and enabling other attractive interactions.*
This process increases gel strength by nearly an order of
magnitude (G increasing from ~100 Pa to ~900 Pa) and
reduces the critical gelation concentration from 12% to 8% w/w.

3.4 Hydrophobic interactions

Hydrophobic interactions the entropy-driven association of
nonpolar moieties in aqueous environments are among the
most significant forces driving protein folding, self-assembly,
and interfacial phenomena in food systems. A quantitative
case study examining B-lactoglobulin adsorption at oil-water
interfaces demonstrated that hydrophobicity significantly
influences interfacial rheology, with more hydrophobic oils
(aliphatic vs. polar) dramatically altering protein adsorption
kinetics, denaturation rates, and network formation, as illus-
trated in Fig. 2D. This visualization clearly demonstrates how
the polarity of the oil phase affects both adsorption rates and
the resulting interfacial network structure, with more hydro-
phobic oils inducing faster adsorption and more extensive
protein networks.

The binding of resveratrol to rice glutelin provides another
mechanistic example documented in Table 2, where hydro-
phobic interactions within binding pockets (measured binding
constant K, = 1.04 x 10* M™" at 25 °C) alter protein confor-
mation and reduce surface hydrophobicity by 18%. This
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Fig. 2 (A) Schematic representation of a non-contacting particle, suspended in the oil phase and maintained at a finite distance (hg = 50 nm)
from the interface due to the equilibrium between image charge attractions and van der Waals repulsions in Pickering emulsions with non-
touching colloids;** (B) Hydrogen bond interaction in biopolymer hydrogel networks in meat analogs;*” (C) Illustrative diagram of the traditional
model for casein micelles in raw cow's milk, where casein molecules are linked by calcium phosphate bridges, forming micelles approximately
120 nm in size,*®* (D) Influence of oil hydrophobicity on the adsorption behavior and rheological properties of B-lactoglobulin at oil-water
interfaces.*¢
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conformational change enhances emulsification properties,
producing smaller droplet sizes (d,3; decreasing from 2.8 um to
1.5 pm) and more anionic interfaces ({-potential decreasing
from —15 mV to —28 mV), thereby improving emulsion stability
against coalescence and flocculation through combined steric
and electrostatic repulsion mechanisms.

In fat crystal networks, hydrophobic interactions between
triacylglycerol molecules drive crystallization and network
formation, with binding energies of 5-15 k] mol~" per methy-
lene group.* Quantitative differential scanning calorimetry
(DSC) measurements reveal that these interactions produce
crystallization enthalpies of 120-160 ] g, creating three-
dimensional networks with yield stresses reaching 10°-10> Pa
depending on solid fat content and crystal morphology.

3.5 Impact of molecular interactions on stability and
behavior of food molecules

The collective influence of these molecular interactions creates
a complex energy landscape that determines food structure and
functional properties across multiple length scales. As
summarized in Table 2, different interaction types contribute
uniquely to food stability and functional behavior, often
working synergistically to enhance overall performance.

The non-covalent interactions between B-lactoglobulin and
chlorogenic acid exemplify this synergistic effect, as docu-
mented in Table 2. Isothermal titration calorimetry (ITC)
measurements revealed binding constants (K,) of 2.3 x 10*M ™"
at pH 6.0, with enthalpy-driven binding (AH = —18.7 k] mol )
indicative of hydrogen bonding and van der Waals contribu-
tions. This complex exhibits enhanced thermal stability (dena-
turation temperature increasing from 76.2 °C to 82.5 °C) and
antioxidant capacity retention (89% vs. 45% after heating at 80 ©
C for 30 min), demonstrating how molecular interactions
directly translate to macroscopic functional properties.

The combination of hydrogen bonding and van der Waals
forces in food dye-enzyme interactions, as shown for lysozyme
and Naphthol Yellow S in Table 2, can cause conformational
changes that alter enzyme activity. This finding has significant
implications for food processing where colorants and bioactive
components coexist.

In commercial food systems, these molecular interactions
guide ingredient selection and processing optimization. For
example, sugar beet pectin-B-lactoglobulin conjugates formed
through Maillard-type reactions demonstrate enhanced emul-
sion stability through combined electrostatic and hydrophobic
interaction mechanisms.*> Quantitative analysis shows that
these conjugates reduce interfacial tension by 35% (from 15 mN
m ' to 9.7 mN m ') and increase emulsion stability index by
270% compared to unconjugated protein, with no phase sepa-
ration observed over 30 days at ambient temperature.

The synergistic integration of multiple interaction types
creates robust food structures with targeted functionalities. As
highlighted in Table 2, ionic and entropic interactions in
polyethylenimine-stabilized silica colloids exhibit
monotonic stability behavior, where low and intermediate
polyelectrolyte concentrations induce aggregation through

non-
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charge neutralization and bridging, while higher concentra-
tions (>0.2% w/v) re-stabilize the system through steric repul-
sion and depletion effects. This mechanistic understanding
enables precise control of colloidal stability in beverages and
emulsified systems through careful manipulation of formula-
tion parameters.

4. Self-assembly and supramolecular
structures in food systems

Having established the fundamental molecular interactions
that operate in food systems, these forces collectively drive the
formation of higher-order structures through self-assembly
processes (Fig. 3). The transition from molecular interactions
to supramolecular organization represents a critical bridge
between nanoscale phenomena and macroscale food properties
that affect processing, stability, and consumer perception.

4.1 Mechanisms of self-assembly in food systems driven by
molecular interactions

Self-assembly in food systems occurs when individual mole-
cules spontaneously organize into ordered structures through
non-covalent interactions without external direction. This
phenomenon relies on a delicate balance of multiple molecular
forces, each contributing uniquely to the resulting supramo-
lecular architectures. Though individually weak, van der Waals
forces (0.4-4 kJ mol™') become collectively powerful when
operating across multiple contact points, as seen in lipid crys-
talline networks where they drive the precise packing of tri-
acylglycerol molecules into lamellar arrangements.*® Similarly,
the directional nature of hydrogen bonds (4-40 kJ mol™")
creates specific geometric patterns in protein-based assemblies,
yielding remarkable mechanical properties like those observed
in B-sheet-rich fibrils with elastic moduli exceeding 2-4 GPa.*®
Charge-based ionic interactions (20-40 kJ mol™") facilitate
phase separation phenomena such as complex coacervation
between proteins and polysaccharides, functioning optimally at
intermediate ionic strengths where attractive forces remain
effective without complete charge screening.*® Perhaps most
significant in aqueous food systems are hydrophobic interac-
tions, where the unfavorable energy of exposing nonpolar
regions to water drives amphiphilic molecules to form micelles
and bilayers at specific concentration thresholds. These various
forces rarely operate in isolation instead, they create complex
self-assembly landscapes with competing and cooperative
effects. In protein fibrillation, for instance, hydrophobic asso-
ciations initiate the process, hydrogen bonds stabilize growing
structures, and electrostatic repulsions modulate dimensions,
explaining why small environmental changes can dramatically
alter final morphologies from straight fibrils to curved filaments
or spherical aggregates.

4.2 Supramolecular structures in foods: from molecular
interactions to functionality

Supramolecular structures such as micelles, vesicles, and fibrils
are abundant in food systems and play pivotal roles in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Hierarchical Assembly of Supramolecular Structures in Food Systems
Non-Covalent Interactions and Resultant Organizational Architectures
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FIBRILLAR NETWORKS

(Protein Gels, Polysaccharide Networks) (Coacervates, Protein-Polysaccharide Complexes)
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Non-Covalent Interactions Facilitate the Formation of Diverse Functional Structures in Food Matrices

Fig. 3 Schematic representation of supramolecular structures in food systems. Monomer molecules self-assemble into supramolecular
structures through various non-covalent interactions, including hydrogen bonding, van der Waals forces, m—m interactions, hydrophobic
interactions, electrostatic and dipole—dipole interactions, and host—guest interactions. These interactions give rise to complex supramolecular
architectures such as vesicles, fibers and gels, coacervates, and hierarchical structures, which play critical roles in the texture, stability, and

functionality of food products.

determining their functionality. Each structure represents
a specific organizational outcome of the molecular interactions
detailed in Section 3, with direct consequences for food prop-
erties and performance.

4.2.1 Micelles. Micelles in food systems typically form
when amphiphilic molecules such as surfactants, phospho-
lipids, or certain proteins reach their critical micelle concen-
tration. The primary driving force for micelle formation is the
hydrophobic effect described in Section 3.4, with hydrophobic
groups oriented toward the interior and hydrophilic groups
facing the aqueous phase. The balance between the hydro-
phobic tail volume and hydrophilic head group area, quantified
as the critical packing parameter (CPP), determines whether
spherical micelles, cylindrical structures, or bilayers will form.*®

B-Lactoglobulin forms micelles that encapsulate bioactive
compounds like chlorogenic acid, leveraging the same

© 2025 The Author(s). Published by the Royal Society of Chemistry

hydrophobic interactions that contribute to protein-polyphenol
binding as described in Section 3.5. The micelle structure
directly translates molecular-level hydrophobic interactions
into functional attributes including enhanced bioavailability,
stability, and controlled release of encapsulated compounds.

4.2.2 Vesicles. Vesicles represent more complex assemblies
where amphiphilic molecules organize into bilayer structures
enclosing an aqueous core. The formation of these structures
depends on the critical packing parameter of the constituent
molecules, with values between 1/2 and 1 favoring bilayer
assembly over micellar structures.®® The hydrophobic effect
(Section 3.4) again provides the primary driving force, with
hydrophobic tails associating to minimize water exposure,
while headgroup interactions (often involving hydrogen
bonding and ionic interactions described in Sections 3.2 and
3.3) stabilize the inner and outer interfaces.

Sustainable Food Technol., 2025, 3, 979-1004 | 989
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In a study on supramolecular amphiphiles based on cucurbit
[n]uril, vesicle formation resulted from the precise balance
between hydrophobic interactions in the tail region and host-
guest interactions (a specific type of non-covalent binding) at
the headgroup.*® These vesicles demonstrated remarkable
stability and encapsulation efficiency, encapsulating hydro-
philic compounds in their aqueous core while embedding
hydrophobic molecules within the bilayer. This structural
arrangement directly translates molecular interactions into
functional delivery systems for both hydrophilic and hydro-
phobic bioactive compounds in foods.

4.2.3 Fibers and gels. Supramolecular fibers in foods, such
as those formed by proteins and polysaccharides, represent
hierarchical structures where molecular interactions drive
progressive assembly across multiple length scales. Protein
fibrillation, for example, begins with partial unfolding that
exposes buried hydrophobic regions (leveraging the hydro-
phobic effect described in Section 3.4), followed by intermo-
lecular B-sheet formation stabilized by hydrogen bonds (Section
3.2) arranged in a cross-p pattern. The resulting fibrils can
further associate through multiple interaction types, including
ion-mediated bridges (Section 3.3) and hydrophobic junctions,
to form larger fibrous networks that ultimately create gel
structures.

A slow-evolving supramolecular gel studied through time-
resolved rheology and microscopy revealed distinct kinetic
pathways during its self-assembly. Initial fibril formation
occurred through hydrophobic assembly and hydrogen
bonding, followed by fiber elongation guided by the same
forces, and ultimately network formation through fiber entan-
glement and junction point formation. These hierarchical
processes directly translated molecular interactions into
mechanical robustness, with storage moduli (G') increasing
from <1 Pa in the initial state to >1000 Pa in the fully formed
network.*® This structure-function relationship illustrates how
molecular forces progressively contribute to macroscopic
properties through hierarchical assembly.

4.2.4 Coacervates. Complex coacervates, formed through
the self-assembly of oppositely charged biopolymers, derive
primarily from the ionic interactions described in Section 3.3.
When proteins and polysaccharides with complementary
charge distributions interact, the resulting electrostatic attrac-
tion drives phase separation into a polymer-rich phase (the
coacervate) and a polymer-poor phase. This process is highly
sensitive to pH and ionic strength, as these parameters directly
affect the charge density and electrostatic screening length that
govern the interaction potential between the biopolymers.

The functionality of coacervates in food applications stems
directly from their structural characteristics. Their dense but
fluid nature allows them to effectively encapsulate sensitive
ingredients while maintaining adequate diffusion properties
for controlled release. For example, protein-polysaccharide
coacervates encapsulating flavor compounds demonstrated
significantly enhanced retention during processing and storage,
with release profiles that could be modulated by adjusting pH to
alter the electrostatic interactions holding the coacervate
together.”” This direct connection between molecular
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interactions, resulting structure, and functional performance
demonstrates the coherent progression from fundamental
forces to practical applications.

4.2.5 Hierarchical structures. Research has shown that
block copolymers can form hierarchical nanostructures
through sequential self-assembly processes guided by multiple
interaction types. For example, tubisomes (cylindrical particles
with tubular internal structure) form through a combination of
hydrophobic segregation (Section 3.4) that drives initial
microphase separation, followed by directional hydrogen
bonding (Section 3.2) that guides the formation of tubular
domains within the larger assembly.

These hierarchical structures demonstrate how different
molecular interactions can cooperatively direct assembly across
multiple length scales. At the smallest scale, specific interac-
tions between chemical groups determine local molecular
packing; at an intermediate scale, these packings create defined
morphologies like cylinders or lamellae; at the largest scale,
these morphologies organize into macroscopic structures with
emergent properties not predictable from any single interaction
type.>®

The functional implications of such hierarchical organiza-
tion include enhanced mechanical properties through struc-
tural reinforcement, sophisticated release mechanisms that
respond to multiple stimuli, and unique optical or interfacial
behaviors that derive from the multiscale organization. For
instance, hierarchically structured protein-polysaccharide
complexes used in fat replacement applications provide both
the creamy mouthfeel of fat through their mesoscale structure
and the appropriate breakdown behavior during oral processing
through their response to salivary enzymes and mechanical
forces.”

5. Rheological properties of food
materials: a soft matter physics
perspective

5.1 Rheology as a tool for probing soft matter structure in
foods

Rheology serves as a powerful analytical window into the mul-
tiscale structure and dynamics of soft matter food systems.
Rather than merely characterizing flow properties, rheological
measurements probe the underlying physical organization of
food materials, revealing how molecular interactions translate
into macroscopic behavior. In soft matter physics, rheology
quantifies the response of materials that occupy the middle
ground between perfect solids and Newtonian liquids—
precisely where most structured food systems exist.

The rheological signature of a food material directly reflects
its hierarchical structure. For instance, in protein-stabilized
emulsions, small-amplitude oscillatory shear measurements
reveal characteristic frequency-dependent viscoelastic moduli
(G, G") that quantitatively map to specific structural features:
high-frequency responses (10-100 rad per s) probe protein film
properties at the oil-water interface (elastic moduli typically 10-
50 mN m™ '), while low-frequency behavior (0.01-0.1 rad per s)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reflects droplet-droplet interactions and network formation
(network strength typically 10-1000 Pa).®® This multiscale
rheological fingerprint provides insights into both molecular
organization and mesoscale structure simultaneously.

As illustrated in Fig. 4, rheological analysis serves multiple
critical functions in food science, with particularly high signif-
icance in texture optimization, product formulation, and food
engineering innovation. The relative importance of these
application domains reflects the central role of rheology in
translating fundamental soft matter principles into practical
food development outcomes.

Recent advances in rheo-imaging and rheo-scattering tech-
niques have strengthened the connection between rheological
measurements and structural understanding. For example,
studies combining small-angle neutron scattering with rhe-
ometry (rheo-SANS) have demonstrated how shear-induced
alignment of caseinate-stabilized emulsions correlates with
specific yielding behavior, where structural anisotropy param-
eters quantitatively predict the transition from solid-like to
liquid-like response at critical stress values (typically 2-20 Pa).**
These structure-property relationships enable rational design
of food materials with targeted mechanical responses.

5.2 Factors affecting food rheology

The rheological behavior of food soft matter systems depends
on multiple factors that operate across different length scales,
from molecular composition to processing conditions. Table 3
summarizes key factors influencing food rheology, highlighting
the multidimensional nature of structure-property relation-
ships in these complex systems.

As documented in Table 3, viscosity and flow behavior
fundamentally differ between Newtonian and non-Newtonian

View Article Online
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food systems, with these differences directly linked to under-
lying structural attributes and shear rate dependencies.®
Molecular composition plays a decisive role in determining the
elastic/viscous balance in gel systems and starch-protein
blends® creating the foundation for texture stability in these
soft matter systems.

The incorporation of thickening agents, particularly hydro-
colloids, strategically modifies rheological properties including
elastic modulus and thixotropic behavior. As shown in Table 3,
these modifications not only alter sensory perception but can
serve critical functional purposes in specialized applications
such as dysphagia formulations. Environmental conditions
during measurement, particularly temperature and shear
conditions, significantly impact rheological parameters, with
studies demonstrating that simulated oral conditions provide
more accurate predictions of in-mouth thickness and mouth-
feel perception in soft matter systems like yogurt.>

Advanced formulation approaches including encapsulation
techniques introduce additional complexity to rheological
behavior. As noted in Table 3, rheological analysis reveals
stability and texture changes in nanoemulsions and solid-lipid
particles, providing crucial insights into how nanostructured
soft matter responds to environmental stresses. Recent meth-
odological innovations employing nonlinear viscoelasticity
analysis (LAOS - Large Amplitude Oscillatory Shear) have
revealed microstructural transitions that directly affect sensory
perception in processed model foods,'® establishing quantita-
tive relationships between nonlinear rheological signatures and
consumer experience.

Processing technologies introduce further variables affecting
rheological behavior. Table 3 highlights how 3D printing
applications require precise rheological control, with recent

Applications of Rheology in Food Science

Relative importance and key application domains based on literature

m Significance in Food Science

1004

Relative Importance

Data source: Compiled from Fischer & Windhab (2011), Tabilo-Munizaga & Barbosa-Canovas (2005), Tucker (2017), Oroian

(2010), Barnes (2001), Rao (2014), and Shanmugam (2024)

Fig. 4 The comparative significance of seven rheological application domains within food science research and development.
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Table 3 Key factors influencing food rheology
Rheological parameter
Factor studied Food type/system Key findings Reference
Viscosity and flow behavior Viscosity, yield stress General (Newtonian vs. Identified differences in flow 62
non-Newtonian foods) behavior based on food
structure and shear rate
Composition and molecular Viscoelasticity, dynamic Gel systems, starch-protein Composition determines 63
structure moduli blends elastic/viscous balance and
affects texture stability
Thickening agents Elastic modulus, thixotropy Hydrocolloid solutions, Hydrocolloids modulate 64

(e.g., hydrocolloids)

dysphagia foods

mouthfeel and safety in

Temperature and shear Apparent viscosity, shear

Yogurt (low-temp)

dysphagia formulations
Simulated oral conditions 59

conditions rate improved prediction of in-
mouth thickness and
mouthfeel
Encapsulation techniques Storage modulus, phase Nanoencapsulated Rheology revealed stability 65
behavior ingredients and texture changes in

Food microstructure and
texture

Nonlinear viscoelasticity
(Laos)

Processing techniques (3D
printing)

Yield stress, storage
modulus

research identifying optimal starch concentration ranges that
balance flow behavior during extrusion with shape retention
after deposition. These findings demonstrate how rheological
characterization guides technological innovation in food
processing.

5.3 Connecting rheology to food structure and functionality

Rheological principles from soft matter physics provide
a unifying framework for understanding structure-function
relationships across diverse food systems.

5.3.1 From molecular organization to rheological
response. The journey from molecular interactions to rheolog-
ical properties spans multiple length scales. At the molecular
level, the strength, directionality, and specificity of interactions
(hydrogen bonds, hydrophobic associations, electrostatic
forces) establish the energy landscape for association and
dissociation events. These interactions manifest as junction
zones in gels, interfacial films in emulsions, and entanglement
points in polymer systems. At the mesoscale (10-100 nm),
network architecture, including fractal dimension, mesh size,
and connectivity, determines the material's response to
deformation.®®

At the macroscale (>1 pm), phase relationships and
composite structures determine bulk mechanical behavior.
Phase-separated protein-polysaccharide systems, for instance,
exhibit rheological properties that depend on which phase
forms the continuous matrix. When the protein phase is
continuous, elastic behavior dominates (tané = G"/G' < 0.2),
while continuous polysaccharide phases often show more
pronounced viscous character (tan 6 = 0.3-0.5).*°
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affecting sensory perception
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concentration for balance

between flow and shape

retention

5.3.2 Rheology-Structure-function relationships in food
applications. Structured dairy systems illustrate how rheolog-
ical properties connect to both microstructure and function-
ality. In yogurt, the fractal dimension of the protein network
determines not only mechanical properties but also whey
separation behavior. Higher fractal dimensions create denser
protein clusters with smaller pores, reducing the critical strain
for network breakdown (yc decreasing from ~8% to ~3%) but
improving water retention (spontaneous syneresis decreasing
from 5-8% to <2%).*

For processed meat analogs, the rheological signature
reveals the balance between plant protein gelation, fiber
formation, and lipid incorporation. These systems represent
protein-stabilized oil-in-protein gel emulsions with anisotropic
structural elements—a specific soft matter state rather than
a generic “plant-based system.” Small-amplitude oscillatory
shear measurements reveal characteristic anisotropic visco-
elastic properties, with storage moduli (G') 3-8 higher when
measured parallel versus perpendicular to the fiber direction.”

5.3.3 Translating rheological understanding to practical
applications. Quantitative rheological criteria guide formula-
tion and processing decisions in food product development. For
spoonable products like yogurt and custards, yield stress values
must fall within specific ranges (typically 15-35 Pa) to balance
stability against gravity with appropriate spoon ability.”* For
pourable but viscous products like salad dressings, shear-
thinning indices (n in the power law model n = K x 1)
optimally range from 0.3-0.5, ensuring appropriate bottle flow
while maintaining suspension of herbs and particulates.”
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Processing operations directly manipulate the rheological
state of food materials. High-pressure homogenization of
emulsions not only reduces droplet size but fundamentally
alters interfacial composition through competitive adsorption
effects. Increasing homogenization pressure from 200 to 600
bar in whey protein-stabilized emulsions progressively shifts
interfacial rheology from viscoelastic solid-like behavior (inter-
facial elastic modulus Gi’ = 0.07 N m™") to more fluid-like
response (Gi’ = 0.02 N m™') as surface area increases and
protein surface density decreases.”

6. Processing and engineering
applications of soft matter physics in
food

Soft matter physics-based food system engineering provides
a fundamental departure from conventional empirical methods
in favour of mechanism-based, predictive processing tech-
niques. The term “soft matter” refers to a wide range of food
materials with complex rheological and structural characteris-
tics controlled by weak, reversible interactions, including
emulsions, gels, foams, and colloidal suspensions. These
systems are excellent candidates for customised manipulation
via exact process engineering because they often exhibit
behaviours that fall in between the traditional solid and liquid
phases.””®

New technologies like digital twin systems, cold plasma, and
precise fermentation are combined with soft matter principles
in recent food processing advancements. These developments
help create sustainable, effective, and adaptable food produc-
tion platforms in addition to improving control over micro-
structure and functioning. The parts that follow go into further
detail on the fundamental soft matter concepts of current food
engineering and show how they are used in both established
and new processing methods.

6.1 Governing principles of soft matter in food processing

6.1.1 Thermodynamics of phase transitions in multicom-
ponent food systems. Phase behaviour in food systems adheres
to the laws of free energy minimisation, which may be quanti-
tatively articulated using classical thermodynamic frameworks.
The Flory-Huggins interaction parameter (x) dictates misci-
bility in protein-polysaccharide complexes as follows:

AGnix = kTny In(y) + n2In(ez) + n192x]

where critical phase separation transpires when y surpasses
0.5-2 for food biopolymers.” This theoretical framework
directly influences high-moisture extrusion processing, wherein
regulated phase separation generates anisotropic structures
crucial for the manufacture of meat analogues. Exact moisture
regulation (40-70%) and temperature variations (130-160 °C)
place protein-starch mixtures close to crucial spots in phase
diagrams, facilitating shear-induced alignment while averting
segregation that hinders fibrous texture
development.””

excessive
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Recent advancements in precision fermentation have added
complexity to the issues of phase behaviour. Proteins generated
by fermentation have distinct thermodynamic characteristics
that diverge from those obtained through standard methods,
necessitating the adjustment of processing settings. The regu-
lated production setting of precision fermentation facilitates
the synthesis of proteins with customised molecular structures,
influencing their phase behaviour and processing attributes.”®

The Gibbs-Thomson effect regulates crystallisation in lipid
systems, with the chemical potential difference facilitating
Ostwald ripening as described by Au = 20V,,,/r, elucidating the
thermodynamic impetus for crystal growth and informing
methods for managing crystal size distributions in structured
lipid products.”

6.1.2 Rheological behaviour and microstructural design.
The quantitative correlation between microstructure and flow
behaviour underpins rheology-guided process design. Food
materials have intricate flow characteristics as articulated by the
Herschel-Bulkley model:

T=10+ K x y",

wherein the yield stress (t,) correlates with network strength via
power-law correlations.®

This approach is essential for new applications such as 3D
food printing, which necessitates yield stress values of 300-800
Pa and flow behaviour indices (n) of 0.3-0.4 for effective shape
preservation.® Advanced digital monitoring systems now
provide real-time rheological characterisation during process-
ing. Machine learning systems evaluate rheological signs to
forecast product quality and autonomously modify processing
settings, marking a substantial progression from conventional
empirical optimisation methods.** These systems amalgamate
concepts of soft matter physics with Industry 4.0 technology to
attain unparalleled process control.

The time-dependent rheological behaviour leads to thixo-
tropic phenomena, characterised by structural degradation
under shear, which adheres to kinetic models expressed as d/
dt = k(1 — A) — kyA7, facilitating the optimisation of processing
settings to reduce irreversible structural damage.** Contempo-
rary processing apparatus integrates sensors that continuously
observe structural alterations, facilitating adaptive control
methodologies.

6.1.3 Interfacial physics and stabilisation mechanisms.
Interfacial processes dictate emulsification, foam formation,
and Pickering stabilisation by measurable physical laws. The
Gibbs adsorption isotherm I' = —(1/RT)-(dy/d In C) delineates
surface excess concentrations of 1-5 mg m > for food emulsi-
fiers.”> The efficacy of steric stabilisation may be measured
using interaction potentials V(k) = kT(6/h)=°* for h < 26,
elucidating the enhanced stability of protein-stabilised emul-
sions in comparison to small-molecule surfactant systems.

Recent advancements in precision fermentation have facili-
tated the creation of innovative emulsifying proteins with
tailored interfacial characteristics. Companies like New Culture
and Perfect Day have engineered casein proteins via fermenta-
tion that have superior emulsification properties relative to
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dairy-derived proteins, allowing novel food combinations that
were previously unattainable with traditional ingredients.**
Pickering stabilisation, in which solid particles confer interfa-
cial stabilisation, necessitates energy E = wr’y(1 + cos §) for
the detachment of particles from surfaces. For food-grade
particles with suitable wetting properties, this energy may
surpass 1000 kT, ensuring remarkable durability against coa-
lescence.®® Advanced particle engineering by controlled precip-
itation and spray-drying allows customised particle
characteristics for particular applications.

6.2 Integration of soft matter principles in advanced
processing technologies

6.2.1 High-pressure and electric field-based structuring.
High-pressure processing (HPP) utilises pressure-induced
volume alterations instead of thermal energy to alter food
structure while safeguarding heat-sensitive components. At
pressures of 300-600 MPa and temperatures below 20 °C, high-
pressure processing (HPP) effectively inactivates microorgan-
isms by disrupting membranes, while preserving nutritional
and sensory attributes.*®

The pressure dependence of chemical equilibria adheres to
the Clausius-Clapeyron equation dP/dT = AH/(T-AV), wherein
volume alterations during protein unfolding (—30 to —300 mL
mol ") facilitate pressure-induced gelation at ambient temper-
atures. Recent advancements merge high-pressure processing
(HPP) with intelligent packaging systems that track pressure
history and forecast product quality throughout storage,
exemplifying the fusion of physics-based processing with digital
technologies.®”

Starch gelatinisation under pressure transpires at tempera-
tures 10-20 °C lower than those of atmospheric processing,
resulting in distinctive swelling features and modified rheo-
logical properties.®® Commercial uses have evolved beyond
preservation to structural modification for plant-based meat
substitutes, wherein pressure-induced protein aggregation
produces fibrous textures akin to traditional meat products.

6.2.2 Precision fermentation: biotechnology meets soft
matter physics. Precision fermentation signifies a ground-
breaking integration of biotechnology and food processing,
facilitating the synthesis of intricate proteins, lipids, and
carbohydrates via modified microbes. This technique utilises
principles of soft matter physics innovatively, as materials ob-
tained from fermentation frequently display distinct structural
characteristics necessitating specialised processing methods.*

The regulated production environment facilitates the
synthesis of molecules with specifically specified structures,
influencing their phase behaviour, interfacial properties, and
rheological features. For instance, proteins obtained from
precision fermentation may be designed with particular amino
acid sequences that improve gelation characteristics or alter
emulsification qualities beyond the capabilities of traditional
protein sources.”

The downstream processing of fermentation broths neces-
sitates a profound comprehension of soft matter physics, as the
separation and purification of target molecules entail intricate
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phase separations, filtration through biological membranes,
and concentration processes that must maintain molecular
functionality. Forward osmosis and other mild concentration
methods maintain protein structure while attaining commer-
cial feasibility.**

6.2.3 Cold plasma technology. Cold plasma technology
represents an emerging non-thermal processing approach that
applies ionized gases at atmospheric pressure and near-
ambient temperature to achieve microbial inactivation and
quality enhancement. The physics of plasma generation creates
reactive species, including ozone, hydroxyl radicals, and UV
photons, that interact with food surfaces without significant
thermal effects.*

The application of cold plasma to food processing leverages
soft matter physics principles through controlled modification
of surface properties. Plasma treatment can alter surface
hydrophobicity, modify protein conformation at interfaces, and
create functional groups that enhance binding of bioactive
compounds. These surface modifications occur without bulk
heating, preserving thermolabile nutrients and sensory
properties.

Recent studies demonstrate that cold plasma treatment
enhances drying rates by modifying surface moisture transport
properties, reducing processing times by 20-40% while main-
taining product quality.”® Cold plasma, especially when
combined with ozone, ensures significant microbial and afla-
toxin B1 reduction (~85%) while preserving overall quality
attributes, making it a promising non-thermal approach for
enhancing the safety of high-value products.®**® The technology
shows particular promise for processing heat-sensitive func-
tional foods and nutraceuticals where conventional thermal
processing would degrade bioactive compounds.

6.2.4 Electrically-driven processing and digital integration.
Applications of electric fields cause several soft matter
phenomena, including electroporation, dielectric heating, and
field-induced molecule orientation. Pulsed electric field (PEF)
processing utilises electric fields ranging from 0.5 to 50
kv em ™, inducing selective membrane permeabilization when
the transmembrane potential AY = 1.5-E-r-cos 6 above critical
thresholds (0.5-1 V) while preserving structural integrity.*®

Contemporary PEF systems use artificial intelligence for
process enhancement, employing machine learning algorithms
to assess variations in electrical conductivity during treatment
and autonomously modify field settings for best outcomes.
These systems exemplify the effective amalgamation of funda-
mental physics principles with Industry 4.0 technology.”*
Moderate electric fields augment protein gelation via dipole
alignment processes, resulting in gel strength enhancements of
30-120% when fields (5-20 V cm ™ ') are applied during thermal
gelation without further heat treatment.®” Recent advancements
involve the use of electric fields in precision fermentation to
augment protein expression and alter product attributes.

6.2.5 Controlled shear processing and fiber formation.
Shear-induced structuring facilitates the formation of aniso-
tropic food materials via regulated molecular alignment. When
the Weissenberg number (W; = Ay) surpasses one, protein
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molecules preferentially align with the flow direction, facili-
tating the production of fibrous structures.*®

High-moisture extrusion illustrates this idea, wherein regu-
lated shear stress (10°-10° Pa) coupled with heat treatment
facilitates transformations in protein secondary structures from
random coil to B-sheet topologies orientated parallel to the flow
direction. This molecular alignment propagates over various
length scales, resulting in macroscopic fibrous formations that
have mechanical anisotropy ratios ranging from 3:1 to 8:1.%®

Recent advancements incorporate robots and automated
monitoring systems that perpetually modify processing settings
depending on real-time assessments of product structure.
Computer vision systems assess fibre alignment and autono-
mously adjust screw configurations, temperature profiles, and
moisture levels to provide uniform product quality despite
fluctuations in raw materials.”

6.3 Emerging technologies and digital transformation

6.3.1 3D food printing and additive manufacturing. The
technology of 3D food printing has advanced considerably,
transitioning from proof-of-concept demonstrations to
commercial applications. The method allows accurate manip-
ulation of food structure across various length scales, from
macro-architecture to microstructural organisation.®*

Recent commercial uses encompass tailored nutrition solu-
tions, wherein 3D printing facilitates individualised vitamin
and nutrient delivery systems. Companies like Nourished
manufacture personalised supplement gummies with meticu-
lously regulated release profiles, whilst stores like as Kroger
implement 3D cake printing technologies that provide real-time
customisation.*®

The physics of 3D food printing entails intricate rheological
factors, as materials must demonstrate suitable flow charac-
teristics during extrusion while preserving structural integrity
post-deposition. Advanced formulation methodologies utilise
sensitive polymers that experience sol-gel transitions induced
by variations in temperature, pH, or ionic strength during the
printing process.

6.3.2 Artificial intelligence and machine learning integra-
tion. Artificial intelligence has emerged as a disruptive tool in
food processing, allowing predictive optimisation of intricate
multiscale systems. Machine learning algorithms examine
extensive datasets that include raw material attributes, pro-
cessing parameters, and end product traits to determine
optimal processing intervals and forecast quality results.'** AI-
driven process control systems incessantly monitor various
process factors and autonomously modify settings to ensure
constant quality. These systems have shown savings in
manufacturing costs of 10-20% and improvements in revenue
of 5-10% due to enhanced efficiency and less waste.'®* The
amalgamation of AI with core concepts of soft matter physics
facilitates unparalleled process control and optimisation skills.
Predictive analytics solutions examine customer choice data,
market trends, and ingredient efficacy to inform future product
creation. These technologies may forecast successful formula-
tions prior to physical testing, so substantially decreasing
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development time and expenses while enhancing market
success rates.

6.3.3 Robotic automation and collaborative systems.
Advanced robotic systems today manage more intricate food
processing activities, ranging from delicate fruit manipulation
to precise assembly of multi-component goods. Collaborative
robots (cobots) operate in conjunction with human workers,
managing monotonous or dangerous jobs, so allowing people
to concentrate on intricate decision-making and quality
assurance.'®

Recent advancements feature robotic systems tailored for
soft matter manipulation, including force feedback and adap-
tive grasping mechanisms that respond to product deforma-
tion. These systems effectively handle fragile things, like baked
goods, fresh produce, and delicate gel structures, without
causing harm. Vision-guided robotic systems conduct real-time
quality evaluations, detecting faults, foreign substances, and
dimensional discrepancies with precision beyond human skills.
Integration with process control systems facilitates prompt
corrective measures, ensuring uniform product quality during
production cycles.

6.3.4 Sustainable processing and circular economy inte-
gration. Considerations of sustainability are progressively
influencing innovation in food processing technology. Princi-
ples of the circular economy inform the creation of processing
systems that reduce waste production and enhance resource
efficiency. Recent advancements encompass systems that
transform food industry waste streams into marketable
components via controlled fermentation and enzymatic
processing.***

Energy-efficient processing methods integrate many unit
functions to reduce total energy usage. Heat integration systems
reclaim thermal energy from exothermic processes to facilitate
endothermic  operations, whereas sophisticated heat
exchangers attain over 90% energy recovery in thermal pro-
cessing activities.'**

Hyperlocal production systems signify a transformative
move towards decentralised manufacturing, minimising trans-
portation expenses and ecological consequences. Firms such as
Relocalize create autonomous micro-factories that may be sit-
uated locally, generating food goods in proximity to consump-
tion sites while ensuring uniform quality via automated control
systems.

6.4 Process integration and future perspectives

6.4.1 Digital twin technology and predictive modeling.
Digital twin technology epitomises the forefront of process
control by generating virtual clones of real processing systems,
allowing predictive optimisation and adaptive control. These
systems amalgamate physics-based models with real-time
sensor data, machine learning algorithms, and historical
process data to forecast system behaviour and enhance opera-
tions.'” Digital twins provide virtual experimentation and
optimisation without interrupting production, hence expe-
diting process development and minimising optimisation
expenses. This technique is especially beneficial for intricate
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multi-step processes in which interactions across unit activities
greatly influence the quality of the end result. Recent applica-
tions encompass digital twins of fermentation systems that
forecast optimal harvest time, extraction methods that enhance
productivity while safeguarding bioactive chemicals, and
packaging systems that reduce material use while ensuring
product safety.

6.4.2 Blockchain and supply chain transparency. Block-
chain technology facilitates unparalleled traceability and
transparency in food manufacturing and delivery. Smart
contracts autonomously operate upon the fulfilment of speci-
fied circumstances, guaranteeing uniform quality standards
and facilitating prompt responses to quality concerns.'®® The
integration of IoT sensors generates immutable recordings of
production conditions, allowing comprehensive traceability
from raw ingredients to finished products. This skill is crucial
for precision fermentation products, as constant quality relies
on stringent control of many process factors. Recent imple-
mentations have systems that autonomously modify processing
settings according to the quality of incoming raw materials,
therefore maintaining uniform end product qualities despite
fluctuations in the supply chain.

6.4.3 Future directions and emerging paradigms. Future
advancements will likely concentrate on multi-scale modelling
techniques that cohesively incorporate molecular dynamics,
mesoscale structure creation, and macroscopic processing
processes. Advanced computational techniques, including
quantum computing applications, may facilitate the prediction
of intricate chemical interactions during processing, hence
informing the creation of innovative processing strategies.

The amalgamation of biotechnology and conventional pro-
cessing will persist in its expansion, with precision fermenta-
tion facilitating the synthesis of more intricate molecules
possessing customised functionality. Integrating fermentation-
derived components with traditional processing methods will
yield innovative product categories with improved nutritional
and functional attributes. Sustainability will persist in propel-
ling innovation, focussing on closed-loop processing systems
that eradicate waste production and optimise resource use.
Incorporating life cycle assessment into process design will
guarantee that environmental factors are included throughout
technology development. Personalised nutrition systems will
provide real-time customisation of food items according to
individual health profiles, genetic data, and lifestyle variables.
These systems will necessitate unparalleled integration of
biology, processing technology, and data analytics to provide
personalised products at scale.

7. Artificial intelligence and modeling
in food physics

The amalgamation of artificial intelligence (AI) with food
physics has transformed our comprehension, forecasting, and
regulation of intricate food systems, tackling essential chal-
lenges that conventional analytical methods frequently struggle
to elucidate due to the nonlinear, multiscale, and dynamic
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characteristics inherent in soft matter systems. Food materials
exhibit intrinsic computational complexity due to hierarchical
structures that range across six orders of magnitude, from
molecular interactions (~1 nm) to product-level properties (~1
cm), compositional heterogeneity comprising hundreds of
chemical species, and processing-induced structural evolution
through interrelated physical, chemical, and biological
phenomena.”

The integration of AI with food physics is founded on
decades of research in computational physics and materials
science, utilising recent advancements in machine learning
algorithms, processing capabilities, and data gathering tech-
nologies. This shift has generated unparalleled chances for
comprehending intricate structure-property interactions, opti-
mising processing conditions, and devising innovative food
materials with specific capabilities.’” The worldwide AI
industry in food and drinks is anticipated to expand from $8
billion in 2023 to $214.62 billion by 2033, demonstrating the
revolutionary potential of these integrated methodologies for
developing safer, more sustainable, and higher-quality food

systems.'*®

7.1 Fundamental AI approaches in food soft matter analysis

7.1.1 Deep learning for structure-property prediction.
Deep learning methodologies, especially Convolutional Neural
Networks (CNNs), have exhibited significant efficacy in quanti-
fying the links between food microstructure and functional
attributes via automated feature extraction from intricate
datasets. In contrast to conventional image analysis techniques
that depend on manually established parameters, deep learning
methodologies autonomously discern pertinent structural
characteristics and their correlations to qualities of interest.'*®
Wang et al. (2022) devised advanced CNN architectures for
protein gel characterisation, attaining a prediction accuracy of
92.2% for gel strength by autonomously recognising structural
parameters such as strand thickness, network connectivity, and
pore shape. The network design included many convolutional
layers with incrementally larger receptive fields (3 x 3,5 x 5,7
x 7 kernels) to capture structural characteristics at varying
length scales, from local pore shape to global network
topology.'*®

The automatic feature extraction uncovered previously
unrecognised structure-function correlations that contradicted
established thinking. Contrary to traditional percolation theory
predictions, CNN analysis revealed that strand thickness, rather
than pore size, dictates gel strength in mixed protein systems.
This discovery facilitated the focused adjustment of gelation
conditions by meticulously regulating protein content, pH, and
ionic strength to enhance strand production instead of overall
porosity.**

Recent advancements in attention processes allow networks
to concentrate on relevant structural traits while disregarding
extraneous fluctuations, hence enhancing prediction accuracy
for heterogeneous systems. Transformer architectures, initially
designed for natural language processing, have been modified
for the analysis of sequential structural changes in food
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processing, effectively capturing long-range dependencies in
structural evolution and facilitating the prediction of final
properties from early-stage measurements.'*?

7.1.2 Physics-informed neural networks (PINNs). Physics-
Informed Neural Networks include a hybrid methodology that
integrates pattern recognition with essential physical princi-
ples, guaranteeing that the developed models adhere to
conservation rules while accommodating system-specific vari-
ations from idealised theory. This methodology is especially
beneficial for food systems where the fundamental physics is
comprehended, however intricate interactions result in
discrepancies from theoretical forecasts.'*

The physics-informed element guaranteed compliance with
essential mass conservation and nucleation theory: X(t) = 1 —
exp(—k-t"), where X(¢) represents the proportion crystallised, k
denotes a rate constant that includes nucleation density, and n
signifies the Avrami exponent associated with growth dimen-
sionality. The neural network components discerned how
minor constituents (monoglycerides, phospholipids) influ-
enced these parameters in ways that solely physics-based
models cannot anticipate due to intricate chemical
interactions."*

The resultant models attained correlation coefficients r* >
0.95 for forecasting solid fat content changes during non-
isothermal crystallisation across various fat blends, encom-
passing intricate formulations with structured lipids and crys-
tallisation modifiers. Examination of acquired data indicated
distinct mechanisms: monoglycerides predominantly impacted
nucleation density (k parameter), whereas phospholipids
controlled the dimensionality of crystal development (n
parameter).'*®

In protein gelation phenomena, Physics-Informed Neural
Networks (PINNs) utilise percolation theory to facilitate network
creation while acquiring system-specific interaction character-
istics. The essential physics of gelation can be elucidated via
percolation theory, wherein gel strength correlates with protein
concentration as G' « (¢ — @), with ¢ representing protein
concentration, ¢. denoting the critical gelation concentration,
and ¢ being a critical exponent (generally ranging from 1.3 to 1.8
for protein networks).”

7.1.3 Machine learning for real-time process monitoring.
Advanced machine learning techniques provide real-time
analysis of process data for ongoing quality monitoring and
management. Time-series analysis employing Long Short-Term
Memory (LSTM) architectures and other recurrent neural
networks effectively captures temporal relationships in process
variables, while accommodating the delayed responses typical
of food processing activities."*®

Huang et al. (2024) created LSTM networks that integrate
real-time pH, temperature, and dielectric spectroscopic data to
forecast fermentation advancement and ultimate gel charac-
teristics. The temporal modelling elucidated intricate links
among acidification rate, protein network development, and
final texture, allowing predictive control schemes that modified
incubation temperature to account for batch-to-batch differ-
ences in milk composition."™ Recent advancements in
computer vision systems driven by deep learning algorithms

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Sustainable Food Technology

allow automated quality inspection and flaw identification,
surpassing human inspectors in both speed and consistency.
The integration of various imaging modalities, such as visible
light, near-infrared, and X-ray imaging, enhances quality
assessment capabilities, utilising fusion algorithms to amal-
gamate data from diverse sensors, thereby improving detection
accuracy and minimising false positive rates.*"”

7.2 Multiscale computational frameworks

7.2.1 Molecular dynamics and atomistic modeling.
Molecular dynamics (MD) simulations offer atomic-level
insights into the essential interactions that dictate food
behaviour, such as protein-polysaccharide complexation, lipid
self-assembly, and interfacial phenomena. These simulations
elucidate molecular-level processes that dictate macroscopic
features yet remain empirically unobservable."*®

Coarse-grained molecular dynamics simulations are partic-
ularly advantageous for food systems as they may explore
extended time scales (microseconds to milliseconds) while
preserving adequate molecular resolution to capture funda-
mental physical phenomena. The simulations revealed distinct
binding patterns defined by complementary charge patches,
exhibiting interaction energies between —15 and —40 kJ mol %,
elucidating experimental findings about pH-dependent
complex formation and dissociation.'™ Electrostatic potential
maps derived from molecular dynamics trajectories indicated
that binding preferentially occurred in protein areas exhibiting
locally high positive charge density, despite the overall negative
charge of the protein.

All-atom MD simulations have demonstrated that slight
structural differences in triglyceride composition result in
significantly variable nucleation rates and polymorphic results
during lipid crystallisation. Simulations of triglycerides
including palmitic acid indicated that individual fatty acid
substitutions might modify nucleation energy barriers by 10-
30 k] mol *, elucidating the significant impact of fat content on
crystal structure and mechanical characteristics reported in
experiments."*°

7.2.2 Mesoscale modeling of colloidal phenomena. At
mesoscopic length scales (10 nm to 10 um), the behaviour of
food soft matter is primarily influenced by colloidal interac-
tions, interfacial phenomena, and hydrodynamic processes,
which govern emulsion stability, foam structure, and gel
network development. Lattice Boltzmann Methods (LBM)
together with phase field techniques proficiently simulate
complex flows including numerous phases and dynamic
barriers.***

The model well delineated the experimentally observed
correlation between homogenisation pressure (100-600 bar),
resultant droplet size distribution (0.2-2 pm), and long-term
stability metrics. Simulations indicated that intermediate
pressures can produce more stable emulsions than maximum
pressure, attributed to optimal protein surface coverage, while
excessive homogenisation results in protein depletion at newly-
formed interfaces.”” Phase field modelling offers robust

methodologies for monitoring interface evolution in
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multiphase systems without the need for explicit representation
of interface boundaries. The phase field method characterises
interfaces using order parameters that transition smoothly
across interface areas, governed by evolution equations of the
type dp/dt = —MV>(3F/5¢), where ¢ represents the order
parameter, M denotes mobility, and F signifies the free energy
functional."*

7.2.3 Continuum modeling and finite element analysis. At
macroscopic scales, the behaviour of food soft matter may be
modelled using continuum mechanics techniques that include
suitable constitutive models for viscoelasticity, plasticity, and
failure behaviour. Finite element analysis®* facilitates the
prediction of intricate deformations throughout processing and
utilisation,  offering insights into structure-function
correlations.'

Anisotropic constitutive models have been especially
formulated for structured food materials, including extruded
plant proteins and laminated dough systems. These models
include orientation tensors that encapsulate directional char-
acteristics resulting from processing-induced structure: ¢ = C:
¢, where ¢ denotes the stress tensor, C represents the fourth-
order stiffness tensor that includes anisotropy, and ¢ signifies
the strain tensor."® The integrated model precisely forecasted
instrumental texture profile analysis parameters and sensory
fracture patterns during simulated mastication, with prediction
errors under 12% for essential texture properties such as
hardness, springiness, and fracturability. This capacity enabled
the optimisation of extrusion settings to attain specific textural
objectives while reducing energy consumption and preserving
nutritional quality."”

7.2.4 Integrated multiscale approaches. Hierarchical
models for dairy gel systems that incorporate molecular-level
protein-polysaccharide  interactions, linking mesoscale
network creation to macroscopic rheological behaviour. The
framework utilised a bottom-up methodology in which molec-
ular dynamics simulations supplied interaction parameters for
coarse-grained models, subsequently guiding continuum-level
representations of gel network mechanics.”® This comprehen-
sive method accurately forecasted the impacts of protein
content (3-6%), polysaccharide type and concentration (0.1-
0.5%), and acidification rate on microstructural development
and ultimate rheological characteristics. Experimental valida-
tion by confocal microscopy and rheological assessments
corroborated model predictions, achieving correlation coeffi-
cients over 0.9 for critical features such as gel strength and
syneresis behaviour.**

7.3 Machine learning for inverse design and optimization of
food soft matter

7.3.1 Generative models for novel structure design.
Generative machine learning techniques, such as Variational
Autoencoders (VAEs) and Generative Adversarial Networks
(GANS), facilitate the production of innovative food structures
with defined qualities by using learnt representations of struc-
ture-property connections. These methodologies are especially
advantageous for intricate systems where direct optimisation is
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difficult due to expansive parameter spaces and several
competing aims.”® Advanced GAN architectures trained on
comprehensive imaging records of fat crystal networks to
provide innovative network topologies with specific mechanical
characteristics. The GAN design comprised a generator network
that produced realistic crystal network pictures from random
noise and a discriminator network that differentiated between
generated and authentic images.”™" Validation experiments
demonstrated that GAN-generated structures had mechanical
qualities within +15% of target values, with certain structures
surpassing current market formulations. Examination of the
produced structures uncovered unprecedented network topol-
ogies absent in the training data, indicating authentic creativity
rather than just interpolation among known patterns.**

7.3.2 Reinforcement learning for process optimization.
Reinforcement learning (RL) algorithms learn optimal control
policies through system interaction, making them ideal for
processes with time-dependent behavior and multiple objec-
tives.”** applied deep reinforcement learning to optimize high-
moisture extrusion processes for plant-based meat alternatives.

The RL agent controlled multiple process variables including
barrel temperature profiles (110-170 °C across 6-8 zones), screw
speed (300-700 rpm), moisture content (45-65%), and protein
blend ratios while receiving feedback on resulting texture
attributes, energy consumption, and product quality metrics.
The reward function combined multiple objectives weighted
according to their importance: texture similarity to target values
(+100 to —50 points), energy efficiency (+30 points), and process
stability (£20 points).

Through iterative learning over 1500 trials combining phys-
ical experimentation with validated simulation models, the RL
system identified optimal processing conditions that reduced
energy consumption by 28% while maintaining or improving
texture attributes compared to conventionally optimized
processes. The learned control policies exhibited sophisticated
adaptive behavior, automatically adjusting parameters in
response to raw material variations and equipment drift.***

7.3.3 Bayesian optimization for complex formulation
spaces. Bayesian optimization methods provide efficient strat-
egies for navigating high-dimensional formulation spaces
where experimental evaluation is expensive and response
surfaces are highly nonlinear. Gaussian Process (GP) regression
forms the foundation of most Bayesian optimization
approaches, providing probabilistic models that quantify
uncertainty in predictions while enabling efficient exploration
of parameter spaces.”*® The GP model incorporated physical
constraints based on known ingredient interactions and pro-
cessing limitations, ensuring all suggested formulations were
technically feasible. Acquisition functions balanced exploration
of uncertain regions with exploitation of promising areas,
enabling identification of optimal formulations with 75% fewer
experimental trials than traditional factorial designs.**¢

7.4 Digital twins and advanced process control

7.4.1 Digital twin technology integration. Digital twin
technology integrates physics-based models, machine learning,
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and real-time sensor data to produce virtual clones of physical
processing systems. These digital copies provide predictive
process management, quality enhancement, and adaptable
production techniques.’® Real-time integration included
ongoing measurements of pH, temperature, dielectric charac-
teristics, and acoustic emissions to revise model parameters
and forecasts. The system precisely forecasted the residual
fermentation duration and ultimate gel strength with error
margins under 7%, allowing adaptive management techniques
that modified incubation temperature and inoculation levels to
address batch-to-batch discrepancies in milk composition.***

7.4.2 Extrusion process digital twins. Digital twins for twin-
screw extrusion of textured plant proteins, integrating rheological
models, heat transfer equations, and residence time distributions,
with machine learning components trained on comprehensive
historical production data. Real-time assessments of die pressure,
motor torque, material temperature, and extrudate expansion
facilitated ongoing model refinement and predictive regulation.™®
The integrated system accomplished a 60% decrease in product
variability by employing adaptive parameter adjustments in
response to feedstock fluctuations. Predictive capabilities allowed
proactive modifications to avert process disturbances and ensure
uniform product quality, although considerable fluctuations in
raw material characteristics such as protein functionality, moisture
content, and particle size distribution.

7.4.3 Al-enhanced quality control systems. Contemporary
Al-powered quality control systems amalgamate many sensory
modalities with sophisticated analytics to deliver thorough
product evaluation. Near-infrared (NIR) spectroscopy, in
conjunction with machine learning, enables the continuous
assessment of protein content, moisture, fat, and other critical
characteristics during processing.””* Advanced preprocessing
techniques, like as Savitzky-Golay smoothing, multiplicative
scatter correction, and derivative spectroscopy, are optimised
automatically by AI algorithms to improve signal-to-noise ratios
and eliminate systematic changes. The resultant calibration
models attain prediction accuracies akin to reference
approaches while delivering real-time observations.

7.5 Recent developments and industry applications

7.5.1 Al-driven product development platforms. Recent
advancements in Al-driven product development have trans-
formed the methodologies employed by food industries in
formulation and innovation. The Not Company's Al engine
‘Giuseppe’ analyses data on the composition, flavour, texture,
and visual characteristics of animal goods and produces plant-
based recipes to replicate those experiences. The development
of their inaugural product, NotMayo, required 10 months;
however, following items have been created more rapidly as the
platform learns and enhances its accuracy."*® GreenProtein Al
signifies a significant advancement, utilising artificial intelli-
gence and sophisticated machine learning to assist innovators
in enhancing the texture of plant-based meat products. This
non-profit organisation exemplifies the expanding ecosystem of
specialised AI platforms addressing certain difficulties within
the food business.™*
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7.5.2 Precision agriculture and supply chain optimization.
Al applications in precision agriculture have advanced to
include complex predictive analytics for crop management and
production enhancement. Machine learning algorithms eval-
uate extensive datasets, encompassing meteorological patterns,
soil conditions, and historical yields, to enhance fertiliser
application, irrigation timing, and pest control tactics.'*
Predictive analytics systems utilise previous sales data and
consumption trends to correctly forecast future inventory
requirements, minimising waste by ensuring that only essential
materials are bought while maintaining stock freshness and
alignment with real demand. These technologies have shown
considerable effects on reducing food waste, with McKinsey
estimating that AI would create an economic opportunity of
$127 million by 2030 wvia enhanced supply chain
management.'*

7.5.3 Automation and robotics integration. The amalgam-
ation of AI and robotics has engendered novel functionalities
for the automation of food production. Collaborative robots
operate in conjunction with human workers, managing
monotonous or dangerous jobs, so allowing people to concen-
trate on intricate decision-making and quality assurance. These
systems utilise force feedback and adaptive grasping mecha-
nisms that accommodate product deformation, effectively
handling delicate products without causing harm.”* Deep
learning techniques in computer vision systems facilitate
automated quality inspection and flaw identification,
surpassing human inspectors in both speed and consistency.
Advanced systems can detect surface flaws, colour discrep-
ancies, shape anomalies, and contamination in real-time
manufacturing settings.***

7.5.4 Personalized nutrition and consumer analytics. AI-
driven platforms for personalised nutrition have emerged as
crucial growth sectors, evaluating individual health profiles,
genetic data, and lifestyle aspects to provide tailored food items.
These systems necessitate unparalleled integration of biotech-
nology, processing technologies, and data analytics to provide
personalised goods at scale.™® Predicting consumer preferences
with machine learning algorithms allows organisations to
better match product development with market expectations,
significantly minimising the trial-and-error often involved in
new product development. These predictive analytics solutions
examine consumer data to discern patterns and anticipate
market approval of novel formulations."*

8. Future directions and emerging
trends

8.1 Integrating physics with other disciplines in food science

The future of food physics increasingly depends on integration
with other scientific disciplines to address complex food-related
challenges. Food systems inherently span molecular, structural,
microbial, and sensory phenomena, requiring multidisciplinary
approaches rather than isolated disciplinary perspectives. The
convergence of food physics with chemistry, biology, materials
science, and computational engineering is reshaping food

Sustainable Food Technol, 2025, 3, 979-1004 | 999


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00172b

Open Access Article. Published on 06 June 2025. Downloaded on 12/3/2025 10:27:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Food Technology

science, enabling comprehensive understanding of food
behavior under various conditions and tailoring to meet
evolving nutritional, sensory, and sustainability needs. The
integration of food physics with nutritional biochemistry
recognizes physical structure as a key determinant of nutrient
digestion and bioavailability. Researchers apply soft matter
principles to design protein-polyphenol complexes and emul-
sified systems that control bioactive compound release and
absorption.”®® These innovations support personalized nutri-
tion strategies, where food matrices can be engineered for site-
specific nutrient delivery along the gastrointestinal tract.'**

The convergence of food physics with microbiology has
uncovered how physical environments influence microbial
populations. Beyond water activity and pH, factors including
surface tension, spatial confinement, and interfacial mechanics
affect microbial gene expression, growth patterns, and stress
responses.'”” Physics-based modeling of biofilms and fermen-
tation environments enables precise control over microbial
dynamics, with applications in food safety, preservation, and
fermentation optimization.™® Food physics integration with
sensory and oral processing sciences has deepened under-
standing of texture perception and mastication dynamics.
Biomechanical and tribological models now predict mouthfeel
and structural breakdown during consumption, connecting
measurable physical attributes with subjective sensory experi-
ences. These insights are critical for designing plant-based
proteins where mimicking layered, anisotropic structures of
animal tissues requires control over chewing and swallowing
behavior.**

Sustainability science benefits from physics-based
approaches through optimized processing techniques like
pulsed electric field treatment, which disrupts plant tissues
with minimal thermal input, reducing energy consumption.*°
Colloid and polymer science principles help valorize food
industry by-products, converting waste streams into valuable
ingredients.”®* Physics also guides development of smart pack-
aging materials and bio-based films through structural
manipulation at nano- and micro-scales. Realizing the full
potential of these interdisciplinary efforts requires trans-
disciplinary research platforms and shared methodological
standards. Collaborative teams integrating physicists, chemists,
microbiologists, nutritionists, and engineers can develop
frameworks that accurately reflect food system complexities.
Experimental setups capable of simultaneously characterizing
physical, chemical, and biological properties, alongside stan-
dardized data ontologies, will facilitate deeper insights and
model integration.” These frameworks will enable rational
design of functional, sustainable foods informed by compre-
hensive, cross-disciplinary understanding.

8.2 Emerging technologies and innovations

Advanced imaging and characterization technologies are
fundamentally reshaping food physics by enabling deeper,
more precise investigation of food structures across multiple
scales. X-ray micro-computed tomography (u-CT), neutron
scattering, microrheology, and super-resolution fluorescence
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microscopy provide non-destructive, high-resolution visualiza-
tion of food microstructures and molecular self-assembly
processes.” Time-resolved p-CT reveals ice crystal growth and
recrystallization in frozen emulsions under controlled condi-
tions, while acoustic spectroscopy allows real-time, in-line
monitoring of emulsification and crystallization in opaque
systems by analyzing sound attenuation and velocity.**® These
techniques generate rich datasets facilitating Al and physics-
informed modeling for predictive process control. Three-
dimensional food printing has emerged as a valuable tool for
producing model food systems with precise structural param-
eters, enabling systematic studies of structure-property rela-
tionships and supporting personalized nutrition innovations.***

Microfluidic technologies and nonthermal processing
methods offer unprecedented control over food formulation
and transformation. Droplet-based microfluidic platforms
enable production of highly monodisperse double emulsions
and encapsulated structures with tunable interfacial properties,
facilitating studies of emulsion stability and encapsulation
kinetics.'®>*** These systems are being scaled for industrial
applications such as controlled flavor release. Nonthermal
technologies including pulsed electric fields and cold plasma
enable microbial inactivation while preserving sensitive struc-
tural attributes.”*® High-pressure processing, including
pressure-shift freezing, modifies protein and polysaccharide
structures to achieve novel textures and functional properties.
Innovations like microwave volumetric heating (MVH) provide
uniform energy delivery in heterogeneous food systems. When
integrated with Al-based computational models and high-
throughput experimental screening, these technologies form
a synergistic platform for rational design and processing of
structured food materials.'*

8.3 Challenges and opportunities

Despite remarkable advancements in applying soft matter
physics and Al to food systems, significant challenges persist
each offering potential for transformative innovation. A
fundamental issue lies in the multiscale and nonequilibrium
nature of food materials, which span molecular to macroscopic
scales and are governed by kinetic constraints rather than
thermodynamic equilibrium."™ Current analytical methods
often operate efficiently at discrete scales but struggle to inte-
grate information across hierarchical structures. This has
driven interest in multi-modal characterization techniques
combining spectroscopy, scattering, and real-time imaging,
alongside computational frameworks that couple molecular
dynamics with mesoscale and continuum models."” The path-
dependent behavior of food systems requires novel theoretical
approaches rooted in non-equilibrium thermodynamics,
applying tools from soft matter physics such as jamming theory
and dissipative structures to explain phase separation and
texture setting during processing. Food composition complexity
challenges conventional modeling, necessitating frameworks
from statistical mechanics, percolation theory, and complex
systems science to predict emergent properties like stability,
mouthfeel, and nutrient delivery.'**
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Regulatory and translational barriers pose additional chal-
lenges. Heterogeneity in food data, limited model interopera-
bility, and lack of regulatory recognition for physical structure
as opposed to chemical composition alone restrict widespread
adoption of physics-informed design in industry.”*® Al-based
modeling adoption faces concerns regarding transparency,
algorithmic accountability, and consumer trust. Regulatory
frameworks incorporating physical structure descriptors are
urgently needed, particularly for evaluating texture, allergen
exposure, or nutrient release profiles. The transition from
laboratory innovation to industrial implementation often faces
scale-up complexities, economic feasibility challenges, and lack
of in-line structural monitoring. This gap presents opportuni-
ties to develop robust physical design principles, real-time
sensors based on acoustic or optical physics, and data-driven
process control systems. Promising future directions include
translating structure-function relationships across scales,
establishing models for non-equilibrium processing behavior,
and applying physical principles to design sustainable,
personalized, and circular food systems. These approaches
promise to enhance food quality and functionality while align-
ing food production with broader health, transparency, and
environmental resilience goals.
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