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ABSTRACT

As plant-based diets gain momentum for health, environmental, and ethical reasons, the demand for plant-based protein foods is
accelerating. However, a critical barrier to consumer acceptance lies in their flavor profiles, which are often perceived as off-
putting due to complex interactions between plant proteins and flavor compounds. While individual interactions have been
explored, an integrated understanding of their mechanisms and modulation remains limited. This review synthesizes current
knowledge on plant protein-flavor interactions across molecular, physicochemical, and sensory levels. We examine the structural
and functional diversity of plant proteins (legumes, cereals, nuts, seeds, and novel sources), categorize their interaction modes
(non-covalent and covalent), and assess the impact of intrinsic (e.g. protein conformation, hydrophobicity) and extrinsic factors
(e.g. pH, ionic strength, processing). Analytical models such as Scatchard and Hill equations, alongside QSAR and molecular
docking approaches, are discussed. We further explore emerging strategies-physical, chemical, biological, and hybrid-for targeted
flavor modulation. It is noted that plant protein-flavor interactions play a dual role: enabling flavor retention and protection, but
also triggering off-flavors through irreversible binding or volatile entrapment. These interactions vary across protein types, flavors
properties and processing conditions, requiring tailored strategies for optimization. For instance, enzymatic hydrolysis, micro-
encapsulation, and data-driven protein engineering (leveraging computational tools to design proteins) offer promising solutions.
Future progress hinges on combining sensory physiology with computational modeling and structural bioengineering to develop
plant-based foods with improved flavor authenticity, stability, and consumer appeal.

Abbreviations: ENaC, epithelial sodium channel; GC, gas chromatography; GC-MS, gas chromatography-mass spectrometry; GC-O, Gas chromatography-olfactometry; HMMA, Hybrid
meat-mimicking analog; HPLC, high-performance liquid chromatography; HPLC-DAD, high-performance liquid chromatography with diode array detection; HPLC-MS, high-performance liquid
chromatography-mass spectrometry; HPLC-UV, high-performance liquid chromatography with UV detection; HS-SPME, headspace solid-phase microextraction; LC-MS/MS, liquid
chromatography-tandem mass spectrometry; LOX, lipoxygenase; OSN, olfactory sensory neuron; PBMA, plant-based meat analog; PBPF, plant-based protein food; PDS, pH differential
spectrophotometry; PMb, porcine myoglobin; PPI, pea protein isolate; QSAR, quantitative structure-activity relationship; SPI, soy protein isolate; TBARS, thiobarbituric acid reactive substances; TGase,
transglutaminase; TRC, taste receptor cell; UV-Vis, ultraviolet-visible spectroscopy..
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1 | Introduction

The rapid global shift toward plant-based diets is driven by envi-
ronmental sustainability, animal welfare, and health-conscious
lifestyles. Consequently, plant proteins from legumes, cereals,
nuts, and other emerging sources are increasingly used in food
manufacturing (Kadam et al. 2025). Plant protein-flavor interac-
tions are pivotal in determining the sensory quality and consumer
acceptance of food based on plant protein matrix (Yin et al. 2024).
More than 300 flavor compounds have been identified in plant-
based protein foods, and new compounds continue to emerge
with more advanced analytical techniques (Liu et al. 2023).
Among them, 130 compounds, listed in Table 1, were established
as the key compounds responsible for the unique flavor character-
istics, with the aid of gas chromatography-olfactometry (GC-0),
high-performance liquid chromatography (HPLC) and quanti-
tative measurements. However, the underlying mechanisms of
plant protein-flavor interactions has not been reviewed in detail,
and the knowledge of flavor modulation analysis is lacking.

Flavor perception in plant-based protein foods is governed by
both physiological and physicochemical mechanisms. During
ingestion, olfactory pathways, salivary activity and taste percep-
tion modulates the release and perception of flavor compounds
(Wang et al. 2024). These sensations rely not only on the
sensory buds of the nose/tongue but also on those of the
trigeminal nerve (Li et al. 2025). At molecular levels, interactions
between plant proteins and flavor compounds involve a combi-
nation of non-covalent forces and irreversible covalent bonds,
which affect both the volatility and availability of flavor-active
molecules (Reineccius 2022). For instance, legume proteins (e.g.
soy, pea, faba bean) are known to form strong hydrophobic
and covalent interactions with aldehydes and sulfur-containing
compounds, which are key contributors to aroma and taste
(Zeng et al. 2024). Several analytical and computational models
have been developed to characterize the types of forces, site
compatibility, free energy and structural compatibility in the
protein-flavor interactions. Classical approaches such as the
Scatchard equation and Hill model quantify binding affinity and
cooperativity between plant proteins and flavor ligands (Zhang
et al. 2021). Recently, quantitative structure-activity relationship
(QSAR) and molecular docking simulations have been employed
to predict binding behaviors based on protein structure and
flavor compound polarity (Barallat-Pérez et al. 2024). Despite
these developments, little information about model frameworks
is available that may highlight the need for more advanced
physiologically and physicochemically modeling systems.

Plant protein-flavor interactions are influenced by both intrinsic
and extrinsic factors, which jointly determine flavor release in
protein matrix. Intrinsic factors mainly include protein confor-
mation and flavor compound properties. Extrinsic factors such
as pH, ionic strength, processing conditions can also significantly
alter interactions. These interactions yield dual outcomes, as con-
trolled binding could stabilize desirable volatiles and prolong the
shelf life. Conversely, strong or irreversible binding can remove
flavor-active molecules from the volatile pool, leading to flavor
suppression or even new off-flavors in processed or stored prod-
ucts. For instance, reactive aldehyde flavor compounds can form
Schiff-base adducts with lysine residues in proteins, immobilizing
the aldehydes and eliminating their aroma. Similarly, vanillin

has been shown to covalently bind to plant proteins, causing
notable flavor loss (flavor “fade”). These mechanisms explain
how protein interactions may degrade key flavor compounds and
thereby dull the sensory profile (Xu et al. 2024). However, the
undesirable flavor profiles in plant-based protein foods signifi-
cantly limits consumer acceptance (Xu et al. 2025). To address
these challenges, an array of modulation strategies has been
developed, including physical approaches (e.g. encapsulation,
spray-drying, emulsification), chemical modifications (e.g. pro-
tein denaturation, additive masking, solvent-assisted extraction)
and biological techniques (e.g. enzymatic hydrolysis, targeted
fermentation) (Nagassa et al. 2024). Moreover, hybrid strategies
combining structural engineering with computational tools are
emerging as promising methods to modulate flavor retention
and release kinetics in protein food matrices, such as machine
learning-guided protein design or pH-triggered delivery systems
(Wang et al. 2024). Due to the complexity and functionality of
plant protein-flavor interactions, the flavor modulation of plant-
based protein foods remains challenges and should be further
explored.

Although numerous studies have examined protein—flavor inter-
actions in plant-based foods, past reviews have seldom integrated
findings across diverse protein sources, flavor types, and matrix
formats, often focusing on a single protein category, limited
flavor classes, or only reversible interactions. As a result, irre-
versible covalent binding, matrix-dependent flavor release, and
the translation from molecular mechanisms to sensory percep-
tion remain underexplored. This review addresses these gaps
by systematically analyzing legume, cereal/pseudocereal, nut,
seed, and novel protein matrices, considering both aroma and
taste-active compounds, and linking binding thermodynamics to
sensory outcomes such as flavor intensity, stability, and off-odor
development. Physical, chemical, biological and hybrid strategies
for flavor modulation are further evaluated, with attention to their
limitations in retention, nutritional impact, and scalability. By
integrating molecular insights, structural engineering, sustain-
able processing, and “flavoromics,” emerging approaches-such as
computational modeling, digital oral processing, targeted protein
editing, and advanced encapsulation-are outlined to guide the
design of plant-based foods with improved flavor authenticity,
controlled release, and consumer acceptance.

2 | Plant-Based Protein Food (PBPF)

Consumer demand for low-fat, high-fiber, and nutrient-dense
options has accelerated market growth, particularly in Asia and
Europe, where plant-based analogs (e.g. tofu, tempeh) have long
been staples of vegetarian cuisine (Pérez et al. 2023). Products
with protein content of >12 g/100 g (solid) or >6 g/100 mL
(liquid) can be classified as high-protein products, with advanced
formulations, such as plant-based meat analogues (PBMAs),
protein bars and non-dairy beverages, achieving protein con-
centrations of 20-50% (Codex Alimentarius Commission 1985;
National Health Commission of the People’s Republic of China
2011). The International Organization for Standardization defines
vegetarian and vegan foods and sets requirements for ingredi-
ents, processing, and labeling (International Organization for
Standardization 2021); while the China Institute of Food Sci-
ence and Technology defines plant-based foods as products
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primarily derived from plant proteins that replicate or replace
animal-derived counterparts (China Institute of Food Science
and Technology 2021). This category spans five major classes
under standards: plant-based meat, dairy, egg substitutes, frozen
products, and hybrid derivatives. And the plant proteins mainly
sourced from legumes, cereals, nuts, and novel sources like algae
etc. (Klost et al. 2020; Wang, Pei et al. 2025). Legumes (e.g.
soybean, pea) primarily contain globulins (e.g. S-conglycinin)
and storage proteins (e.g. glycinin), rich in lysine but deficient
in sulfur-containing amino acids; cereals (e.g. wheat, oat) are
dominated by prolamins (e.g. gluten) and glutelins while lacking
lysine, except oat and quinoa which contain complete amino
acids; nuts and seeds (e.g. almond, walnut, chia seed) are
rich in albumins and globulins, with ample sulfur-containing
amino acids; and algae (e.g. spirulina) contain high quality
complete proteins such as phycocyanin (Yin, Li et al. 2024).
While these plant proteins have diverse nutritional profiles, their
inherent functional limitations still pose certain challenges in the
formation of high-quality plant protein products.

In particular, a key challenge lies in replicating the texture
and techno-functional characteristics of animal-based products,
which in practice requires targeted protein processing methods
(Xie and Grossmann 2025). For example, plant-based meat ana-
logues commonly use extruded soy or pea protein isolates to
create fibrous, meat-like structures, plant-based egg substitutes
utilize modified legume proteins (via controlled denaturation
and cross-linking) to emulate egg’s gelation and emulsifying
properties (Khalifa et al. 2025; Yin et al. 2024). In addition,
flavor attributes are pivotal determinants of consumer accep-
tance and commercial success in high plant-protein products, as
flavor perception directly governs product preference and repur-
chase intent. In protein-enriched systems, the intensification
of hydrophobic interactions and covalent binding significantly
contributes to the entrapment of key flavor compounds, such
as aldehydes and pyrazines (Qian et al. 2025). Therefore, the
other critical challenge lies in understanding plant protein-flavor
compound interactions, which directly influence flavor retention
and release in the high content protein system. The following
sections will provide a detailed summary of plant protein-flavor
interactions.

3 | The Interactions of Different Plant Proteins
and Flavor Compounds

The sensory attributes of plant-based protein foods are profoundly
influenced by the interactions between proteins and flavor
compounds, which present significant differences across plant
protein sources (Figure 1). This following section categorizes
these interactions by the protein sources, focusing on their
specificity to flavor classes and role in modulating flavor retention
or release.

3.1 | The Interactions Between Legume Proteins
and Flavor Compounds

The interactions between legume proteins and flavor compounds
are central to the sensory quality of plant-based protein foods, yet
it also presents unique challenges due to the inherent complexity

of legume-derived ingredients. Structurally, legumes are rich in
globulins and storage proteins, such as f-conglycinin and glycinin
(Yu et al. 2025). For instance, soybeans contain abundant storage
proteins, primarily composed of 7S (vicilin) and 11S (legumin)
fractions. Similarly, pea protein has a comparable composition,
with its 11S legumin divided into « and 8 subunits. Legumes
proteins have strong binding affinities for aldehydes (e.g. hexanal,
nonanal) and alcohols (e.g. 1-hexanol, 1-octen-3-ol) driven by
interactions with hydrophobic pockets in their structures (Wu
et al. 2011). However, this binding often traps off-flavors such as
beany and grassy odors, as well as an astringent mouthfeel, par-
ticularly in minimally processed ingredients (Wang et al. 2018).

Plant species-specific differences further complicate flavor bind-
ing and release. Soy proteins are associated with bitterness
mainly contributed by aldehydes (e.g. n-hexanal) and non-
volatile compounds (such as saponins and phenolic glycosides).
Pea proteins tend to accumulate (Z)-2-penten-1-ol and hexanal,
amplifying green odors (Bi et al. 2020). Faba bean ingredients,
on the other hand, contend with lipid-oxidation byproducts like
2-pentylfuran and certain non-volatile polyphenols (e.g. tannins)
that bind to bitter taste receptors and create a drying, astringent
mouthfeel (Wang et al. 2022). Nevertheless, comparative analyses
of emerging legumes (e.g. chickpea, lentil) versus conventional
sources in regulating species-specific flavors are scarce, which
may not only limits mechanistic understanding but also hinders
the development of targeted flavor management strategies in
plant-based foods. Thus, precise regulation of flavor binding and
release across different legume proteins is critical for improving
product quality.

3.2 | The Interactions Between
Cereal/Pseudocereal Proteins and Flavor
Compounds

Proteins in cereals are typically categorized into albumin, globu-
lin, gliadin, and glutenin. Pseudocereals (e.g. quinoa, buckwheat)
exhibit high 1IS globulin content and balanced amino acid
profiles (e.g. lysine-rich subunits). They can form thermally stable
oligomers to enhance gelation and water-binding capacity, while
hydrophobic residues drive structural integrity and interfacial
stabilization in gluten-free matrices (Shahbaz et al. 2023). Cereals
and pseudocereals generate various volatile flavor molecules
during processing, including alcohols, aldehydes, esters, and het-
erocyclic compounds (e.g. 1-hexanol, nonanal, methyl palmitate,
2-acetyl-1-pyrroline) (Bailliere et al. 2022; Zhang et al. 2025).
These compounds originate from lipid oxidation, enzymatic
activity, or thermal reactions (Ying et al. 2011).

Different cereal and pseudocereal species exhibit distinct flavor-
protein interaction patterns driven by their structural dynamics
and conformational changes. During thermal processing, these
proteins exhibit unfolding, aggregation, and disulfide bond rear-
rangement. For example, rice proteins can undergo unfolding
and aggregation during cooking, leading to increased surface
hydrophobicity and exposure of hydrophobic domains (Zhang
et al. 2025). This facilitates the selective binding of hydrophobic
aldehydes, stabilizing desirable aroma molecules like 2-acetyl-1-
pyrroline and 2-methoxy-4-vinylphenol, while sequestering off-
flavor (2-pentylfuran) in hydrophobic pockets (Zhang et al. 2025;
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FIGURE 1 | The molecular interactions between different plant-based proteins and flavor compounds.

Zhou et al. 2023). In contrast, oat globulins bind hexanal and 1-
hexanol via native hydrophobic regions, which amplifies green
odors due to limited structural unfolding (Harper et al. 2022).
Brown rice proteins in mixed systems selectively bind terpenes
to mask berry odors while enhancing citrus notes (Kelemen et al.
2022). This interplay extends to glutinous rice, where aldehyde-
protein interactions stabilize fruity-sweet flavors, underscoring
how protein conformation modulates flavor equilibrium (Zhou
et al. 2023). Consequently, the sensory profile of cereal and
pseudocereal products is shaped not only by the formation
of volatile compounds but also by the selective binding and
stabilization of these molecules through protein conformational
dynamics during processing.

3.3 | The Interactions Between Nut, Seed
Proteins, and Flavor Compounds

The sensory profiles of nuts and seeds are shaped by dynamic
interactions between proteins and flavor compounds, where
proteins act as precursors, carriers, and binding platforms. Nuts
and seeds are rich in albumins and globulins, which provide
abundant sulfur-containing amino acids. In almonds, pyrazines,
critical for roasted nutty aromas, arise from thermal degradation
of amino acids (e.g. asparagine) during protein-sugar Maillard
reactions (do Livramento et al. 2017). Additionally, lipid-binding
proteins in almond trap hydrophobic volatiles (e.g. almond
esters), modulating their release during mastication (Chen et al.

2023). In sunflower seeds, their proteins stabilize lipid-derived
volatiles enhancing roasted depth while also exhibiting affinity
for terpene derivatives to suppress competing aromas (Tangyu
et al. 2023; Wang et al. 2020). The flavor compounds in pecan,
such as hexanal (grassy) and D-limonene (citrus), are primarily
formed through pathways such as lipid oxidation, carbohydrate
fermentation, lipolysis, amino acid catabolism, proteolysis, and
microbial metabolism (Luo 2024). Phenolic compounds in wal-
nuts, such as juglone and ellagic acid, bind tightly to salivary
proteins, intensifying their inherent bitterness and astringency
(Zuo et al. 2024). Overall, the interactions between nut and
seed proteins and flavor compounds contribute to a multifaceted
sensory profile, wherein volatile formation, binding affinities,
and complexation collectively determine the balance between
desirable flavor notes and undesirable attributes.

3.4 | The Interactions Between Other Proteins
and Flavor Compounds

Beyond legume, cereal, nut, and seed proteins, diverse novel plant
protein sources can also bind, stabilize, or generate flavor-active
compounds. Hemp protein in plant-based yogurts enhances
fruity, floral, and creamy notes by elevating alcohols and
ketones while suppressing rancid aldehydes, with its hydrophobic
domains trapping hemp-specific terpenes (caryophyllene) to
enrich flavor (Xu et al. 2022). Coconut protein binds vanillin via
Schiff-base formation and van der Waals forces, causing flavor
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fade; however, enzymatic deamidation reduces this binding affin-
ity, freeing vanillin to intensify sweetness perception (Temthawee
et al. 2020). Cassava leaf protein concentrate modulates cassava
flour flavor at low concentrations (2.5%) by balancing character-
istic “manioc” odors and suppressing bitterness, likely through
selective adsorption of polar flavor compounds (Lima et al. 2013).
Alfalfa proteins with abundant hydrophobic pockets are more
prone to adsorb terpenoid compounds than chlorophyll-binding
proteins, and alfalfa polyphenols can synergistically bind flavors
through hydrophobic interactions with proteins, while excessive
amounts may mask desirable flavors or impart astringency
(Mdiller et al. 2025). Microalgal proteins, such as those in Chlorella
pyrenoidosa, interact with lipid-derived aldehydes (hexanal) and
alcohols (1-octen-3-ol) via enzymatic oxidation of linoleic acid,
amplifying grassy and fishy flavors; while Haematococcus pluvi-
alis addition in PBMAs enhances plant-like aromas (pyrroline for
rice-like odors) and reduces fishy triethylamine by altering gel
network adsorption capacities (Liu 2024). Kelp protein primarily
binds to aldehydes ((E,Z)-2,6-nonadienal, (E,E)-2,4-decadienal,
hexanal), ketones, and unsaturated carbonyls, which impart fishy
and bitter flavors. And it can be converted into umami and salty
peptides through fermentation or enzymatic hydrolysis (Zhu et al.
2021). These studies highlight the diverse ways in which novel
plant proteins interact with flavor-active compounds, thereby
modulating the sensory profiles of plant-based foods.

These aforementioned findings collectively emphasize the struc-
tural and functional diversity of plant proteins in modulating
flavor compound binding, retention and release, driven by
species-specific protein conformations and molecular affinities.
Legume proteins primarily associate with sulfur volatiles and
lipid-derived compounds, while cereal/pseudocereal proteins
interact with phenolic acids and carbohydrate-based flavors.
Nut/seed proteins show affinity for non-polar terpenes and esters,
whereas other plant proteins interact with distinct flavor groups
(as shown in Table 1). Future research should prioritize compara-
tive investigations across protein sources to unravel underlying
interaction mechanisms and develop targeted strategies that
enhance sensory performance while preserving the nutritional
and functional integrity of plant-based foods.

4 | Insights Into the Mechanisms and
Mathematical Models for Characterizing Plant
Protein-Flavor Interactions

4.1 | Flavor Perception Mechanism in Plant-Based
Protein Foods (PBPFs)

The perception of flavors in PBPFs is a dynamic interplay
between physiological processes and physicochemical interac-
tions, shaped by olfactory pathways, salivary activity and taste
perception (Frank et al. 2012; Mestres et al. 2005) (Figure 2).
Olfactory perception integrates orthonasal and retronasal olfac-
tory pathways, with the latter dominating in plant protein foods.
Orthonasal detection involves volatiles inhaled directly from
food surfaces, while retronasal perception relies on volatiles
released during chewing and transported retrograde to olfactory
receptors via the nasopharynx (Wang et al. 2024). In PBPFs,
gel strength and network density govern volatile release: dense,
rigid gels hinder diffusion and delay flavor perception, while

softer, looser gels disintegrate quickly, allowing faster volatile
release and stronger retronasal impact (Nawaz et al. 2019).
Beyond volatiles, recent evidence suggests that non-volatile sweet
compounds can also reach the olfactory epithelium through
aerosol particles generated during oral processing, with matrix
viscosity and surface tension modulating this transport pathway
(He et al. 2025). Odorant molecules bind to the olfactory mucosa,
diffuse through mucus to olfactory sensory neurons (OSNs)
expressing odorant receptors, triggering a G-protein signaling
cascade (G,q;/ACIII/PKA) in OSN cilia (Han et al. 2023; Wang
etal. 2025). This generates action potentials transmitted via axons
to the olfactory bulb, where mitral and tufted cells relay signals
directly to the primary and secondary olfactory cortices, bypass-
ing the thalamus. The secondary cortex integrates olfactory data,
enabling adaptive flavor-guided responses through this thalamus-
independent peripheral-to-central pathway (Kharlamova et al.
2023). Thus, while the neurophysiology of odor detection is
conserved, the extent of volatile liberation from plant protein
matrices—modulated by processing-induced structural changes
such as extrusion, fermentation, or gelation—largely determines
flavor intensity.

During mastication, texture-dependent mechanisms critically
modulate flavor release: firmer textures, such as protein gels,
reduce chewing efficiency and prolong oral residence time,
delaying the release of volatile compounds (Hollowood et al.
2002; Mestres et al. 2005). Conversely, softer matrices accelerate
structural disintegration, increasing surface area exposure and
enhancing flavor diffusion into saliva and air phases (Déléris
et al. 2011). Compared with animal proteins, plant proteins often
form less elastic but more brittle gels, which fracture differently
during chewing, thereby altering flavor release kinetics (Tang
et al. 2024). Saliva, enriched with enzymes (a¢-amylase, proteases),
mucins, and ions, govern flavor dynamics through dual mech-
anisms, hydrating protein networks to liberate trapped volatiles
while simultaneously altering binding equilibria. For example,
hydrophobic interactions between salivary mucins and aroma
compounds trap volatiles on the oral mucosa, enabling gradual
post-swallow release, a phenomenon termed “aroma persistence”
(Muiioz-Gonzélez et al. 2022). In PBPFs, additional interactions
with polyphenols and tannins from plant matrices intensify
astringency by precipitating salivary proteins, thus altering lubri-
cation and modulating flavor persistence (Rossetti et al. 2008).
Additionally, interindividual variability in salivary composition,
including flow rate, pH, and viscosity, introduces significant fla-
vor perceptual differences. Sodium-rich artificial saliva disrupts
protein-volatile interactions to amplify flavor release, whereas
high-viscosity saliva impedes aroma diffusion by reducing volatile
mobility (Huang et al. 2023). Beyond these physicochemical fac-
tors, qualitative differences in salivary proteins also play a crucial
role. Proline-rich proteins exhibit high affinity for polyphenols
and certain aldehydes, thereby reducing their volatility, while
mucins form viscous glycoprotein networks that entrap aroma
compounds and modulate retronasal perception. Individual vari-
ability in the abundance and isoforms of these proteins can thus
markedly shift volatile binding capacity, contributing to strong
interindividual differences in flavor perception (Schwartz et al.
2022).

Taste perception in plant protein foods is mediated by the
recognition of specific molecules by distinct types of taste receptor
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cells (TRCs) in taste buds and subsequent signal transduction.
Sweet, bitter, and umami tastes are detected by Type II TRCs
through G protein-coupled receptors (TIR and T2R families).
These receptors activate the phospholipase CS, (PLCf,) pathway,
triggering 1P3-mediated Ca** release from intracellular stores.
This cascade leads to cell depolarization via TRPM5 channels
and ATP release as a neurotransmitter, which activates adjacent
afferent nerve fibers. In contrast, salty and sour tastes are
mediated by specific ion channels: epithelial sodium channels
(ENaCs) for salty taste and OTOP1 proton channels for sour taste.
In PBPFs, sodium ions not only elicit saltiness but also disrupt
protein-volatile complexes and mask intrinsic beany or bitter
notes, linking taste perception to structural modulation (Luo et al.
2019). Type III TRCs transmit sour signals through direct synaptic
release of serotonin (5-hydroxytryptamine). Taste information is
relayed via cranial nerves to the nucleus tractus solitarius in the
brainstem, ultimately being integrated in the cerebral cortex to
form conscious taste perception (Tian et al. 2023). While the
neural coding of taste is universal, the perceived quality of PBPFs
strongly depends on how their protein matrices retain or release
bitter peptides, salts, and flavor-active volatiles (Fan et al. 2021).

Despite advances in flavor perception mechanisms in PBPFs,
critical knowledge gaps persist in individual-specific oral-nasal
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The perception of flavors in plant-based protein foods shaped by olfactory pathways, salivary activity and taste perception.

biomechanics (e.g. masticatory kinematics, retronasal airflow
patterns) and neurocognitive integration of texture-flavor cues.
Future research should not only decode neural pathways but
also establish direct structure-perception links by integrating
tribological simulations, metabolomic profiling of saliva-protein-
volatile triads, and sensory evaluation of processing-induced
protein architectures. Such a neurogastronomic framework will
be essential to engineer next-generation plant protein composites
with multisensory appeal.

4.2 | Mechanisms of Plant Protein-Flavor
Interactions

The interaction between plant proteins and flavor compounds is
governed by a complex combination of reversible non-covalent
and irreversible covalent binding mechanisms, which critically
influence flavor perception in PBPF systems (Figure 3).

4.2.1 | Non-Covalent Binding of Plant Protein and
Flavor Compounds

Non-covalent interactions between plant proteins and flavor
compounds, including hydrophobic forces, hydrogen bonding,
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electrostatic interactions, and van der Waals forces, govern the
reversible and dynamic equilibrium of flavor retention and
release. These interactions are thermodynamically spontaneous,
driven by the hydrophobicity, isomerism, and functional groups
(e.g. hydroxyl, carboxyl) of flavor compounds depending on the
chemical structure of the volatiles (Zhang et al. 2021). Hydropho-
bic compounds exhibit stronger binding affinities, often diffusing
into protein interiors after initial surface interactions (Xiang
et al. 2023). For example, GC-MS analyses of sunflower seed
milk reveal strong terpene-binding affinity that corresponds with
trained panel reports of reduced “pine-like” aroma intensity
(Tangyu et al. 2023). Studies on soy protein isolate (SPI) and
pea protein isolate (PPI) also demonstrate hydrophobic interac-
tions dominate the binding of aldehydes (e.g. (E)-2-octenal) and
alcohols (e.g. (Z)-2-penten-1-ol) (Ruth and Roozen 2010).

Multi-flavor interactions exhibit four modes, competitive (dif-
ferent compounds compete for the same binding sites), non-
competitive (compounds bind to independent sites without
interference), anticompetitive (compounds bind to different sites
but cause mutual interference), and salting-out effects (high
salt reduces solubility and promotes protein-flavor binding),
dictated by molecular structure, protein flexibility, and environ-
mental factors. Competitive interactions are crucial for industrial
flavoring applications. Compounds with higher hydrophobicity
or stronger hydrogen-bonding can significantly displace others
from protein binding sites. For example, delta-non-alactone and
furaneol compete with hexanal for binding sites during SPI
processing (Schwartz et al. 2022). Such competitive binding
results in reduced grassy and beany intensity scores under high-
concentration neutral (plant-based meat) or low-concentration
acidic (plant protein beverage) conditions and enhanced creamy
or fruity notes. The competitive binding between PPI and sulfur-

containing flavor compounds is driven by both molecular struc-
ture and concentration, cyclic lenthionine binds most strongly
due to its hydrophobicity, while concentration-dependent site
saturation triggers competitive inhibition (Sun et al. 2025). These
interactions alter PPI’s conformation, enhancing meaty aromas
and surpressing beany flavors. Ethyl caprylate and undecanal
bind noncompetitively to shared SPI sites at low concentra-
tions, undecanal and carvone occupy distinct sites, inducing
anticompetitive binding via protein unfolding. Cadinene and
phellandrene exhibit salting-out effects under high ionic strength,
where reduced solubility enhances protein binding (Guo et al.
2019). Similar mechanisms operate in pea proteins, where
pyrazines interact with surface hydrophobic cavities via van
der Waals forces and hydrogen bonds (Guo et al. 2024). Flu-
orescence quenching and molecular docking reveal pyrazine
derivatives quench pea protein fluorescence through static
quenching (formation of stable non-fluorescent complexes) or
dynamic quenching (collisional quenching during excitation),
and static quenching is supported by stable binding at hydropho-
bic and polar residues (Guo et al. 2024). A hydrophobicity
hierarchy further regulates binding strength: aldehydes surpass
ketones and alcohols due to structural complementarity with
hydrophobic protein domains, as seen in (E)-2-octenal’s strong
affinity in pea proteins (Wang and Arntfield 2017). Conversely,
low-hydrophobicity esters show weak retention due to water
competition (Guo et al. 2019).

The equilibrium dynamics of non-covalent flavor-protein inter-
actions necessitate meticulous formulation strategies in food
applications. For example, it’s common in the industry to age
protein-rich products (1-3 days), which allows flavors to equili-
brate between free and bound states, thereby refining sensory pro-
files post-production (Reineccius 2022). However, the dynamic
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nature of these interactions introduces formulation challenges:
initial flavor intensity often declines as compounds redistribute
into protein matrices, requiring compensatory adjustments to
account for equilibrium shifts. While this reversibility enables
controlled flavor release during storage and consumption, it can
also heighten sensitivity to processing variables (e.g. heating,
pH) and matrix components (e.g. salts, solvents). Consequently,
optimizing plant-based foods demands tailored approaches to
harmonize flavor retention, bioavailability, and stability, balanc-
ing the transient benefits of non-covalent binding against its
inherent thermodynamic vulnerabilities.

4.2.2 | Covalent Binding of Plant Protein and Flavor
Compounds

While non-covalent interactions are generally more frequent,
covalent interactions between plant proteins and flavor com-
pounds also play the critical role in flavor retention or loss, in
turn significantly affecting food sensory quality and shelf life
(Reineccius 2022; Zhang et al. 2021). The sensory consequences of
covalent binding are usually assessed through time-intensity sen-
sory curves, where irreversible loss of volatile compounds aligns
with decreased perceived aroma intensity over product storage,
leading to noticeable flavor fading (Kuesten et al. 2024). The
irreversible nature of covalent binding is exemplified by reactions
such as sulfhydryl-disulfide interchange. For example, dibutyl-
disulfide reacts with PPIs to generate volatile by-products (e.g.
1-butanethiol, a pungent, cabbage-like off-aroma) under reducing
conditions (Yang et al. 2023). Such interactions highlight the
dynamic role of cysteine residues in flavor-protein adduct forma-
tion. In addition, covalent adduct formation can—via Schiff base
reactions (aldehydes with lysine), Michael additions (thiols and
a,f-unsaturated carbonyls), and disulfide bond cleavage—has
been associated with rancid, bitter, or astringent notes in protein
foods, and such reactions can be further linked to specific sensory
descriptors, including intensified “sulfurous” or “burnt” notes, as
evidenced by GC-O analysis combined with trained panel evalu-
ations (Yang, Zhang et al. 2023). Among reactive flavor classes,
aldehydes, thiols, and a-diketones (e.g. diacetyl) exhibit the
highest covalent reactivity due to their electrophilic functional
groups, which target nucleophilic residues like lysine, cysteine,
and arginine in proteins (Suppavorasatit and Cadwallader 2012).
Beyond direct protein-flavor reactions, other reactive species such
as polyphenols, lipid oxidation products, and Maillard intermedi-
ates may also form covalent adducts (Ma et al. 2024). Quantifying
these reactive interactions alongside sensory thresholds enables
prediction of when covalent binding will perceptibly alter fla-
vor quality. Covalent flavor-protein binding varies by chemical
class, such as dibutyl disulfide forms irreversible disulfide bonds
(resisting denaturation), octanal has dual covalent/non-covalent
binding, and benzaldehyde/2-octanone/hexyl acetate rely on
reversible interactions (Wang and Arntfield 2016). Environmental
factors include thermal processing (accelerates covalent bonds
via aldehyde/thiol reactivity), reducing agents (enable disulfide
exchange), and salts. Stabilizing salts (e.g. Na,SO,) provide
structural support for covalent binding, while destabilizing salts
(e.g. C1;CCOONa) expose nucleophilic residues to boost covalent
retention (Zhang et al. 2021). Even ambient storage triggers slow
covalent reactions, which over time manifest as muted aroma and

rancidity in long-shelf-life products. Monitoring flavor changes
during storage via sensory panels, combined with targeted GC-
MS analysis, is the common approach to quantify the real-world
impact of these covalent processes.

In summary, covalent flavor-protein interactions significantly
impact sensory quality during flavor formation. They are gov-
erned by the reactivity of specific flavor functional groups, the
abundance of nucleophilic protein residues, and environmental
factors. Integrating physicochemical assays with sensory evalu-
ation, such as GC-O, electronic nose, and relative odor activity
value analysis, provides a comprehensive view of how molecular
binding translates to consumer-perceived flavor quality. However,
covalent binding in plant proteins can selectively deplete key
flavor components—where mild binding may help suppress
undesirable beany notes, but extensive binding weakens flavor
intensity, alters heat-processed flavor profiles, and generates off-
flavors through crosslinking or reaction by-products. Therefore,
precise control of protein composition and processing conditions
is essential to balance sensory authenticity and product stability.

4.3 | Analytical Models for Evaluating Plant
Protein-Flavor Interactions

The investigation of plant protein-flavor interactions relies on
analytical models that elucidate binding mechanisms, quantify
thermodynamic parameters, and predict the behavior under
varying conditions.

4.3.1 | Scatchard and Hill Models in Thermodynamic
Analysis

Central to these analyses are the Scatchard and Hill equations,
which describe linear and cooperative binding behaviors respec-
tively (Kiihn et al. 2007). The Scatchard equation, expressed as
(Cao et al. 2021; Scatchard 1949):

v
man—UK
v
}’l—UZK[L]

where v represents the moles of flavor compound bound per
mole of protein, [L] is the free ligand concentration (mol/L),
n denotes the number of binding sites, and K is the binding
constant. For enhanced linear regression analysis, the equation
can be transformed into a double-reciprocal Klotz plot:

11, 1
v n nK[L]
Here, [L] is derived from gas chromatography (GC) peak areas cal-
ibrated against a standard curve. The bound ligand concentration
v is calculated using:

[L]—I[L]

G

L=
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where [L]; is the total ligand concentration (free + bound) and
C, is the protein concentration. The parameters n, nK, and K
are obtained by fitting experimental data to the Klotz plot. The
binding constant K is determined as the ratio nK/n, with standard
errors (SEs) estimated using variance equations derived from
linear regression analysis:

2
a

var (n) = p

a\*[ SE. SE; 2-cov(ab)
Var(K)z(B) <a2 +?_ ab

SE;
var (nK) = o

where (a = 1/n) and (b = 1/nK) represent the intercept and slope
of the Klotz plot, respectively.

For plant proteins with multiple nonequivalent binding sites,
cooperative interactions between ligands can arise. This behavior
is modeled using the Hill equation (Hill 1910):

1 1 1
_——+_

R
where the Hill coefficient h quantifies cooperativity:
(h =1): Non-cooperative (independent) binding.

(h > 1): Positive cooperativity (binding at one site enhances
subsequent binding).

(h < 1): Negative cooperativity (binding reduces affinity for
additional ligands).

Where h is the Hill coefficient reflecting interactions between
individual binding sites within their population; & is not neces-
sarily an integer. The double reciprocal form of the Hill equation
was used to determine the binding parameters (Zha et al. 2021b).

4.3.2 | Thermodynamic Interpretation of Binding
Constants

The binding constant K provides critical insights into the ther-
modynamic driving forces of interactions. The Gibbs free energy
(AG), enthalpy (AH) and entropy (AS) are calculated as:

AG = —RTInK
AH = —RdInK
d@/T1)
AH — AG

AS = —r

Spontaneous binding processes (/AAG < 0) are classified into two
mechanistic categories (Mahmoudpour et al. 2020):

1. Enthalpy-driven processes (/\H < 0): Dominated by van
der Waals forces and hydrogen bonding, these interactions
are favored at lower temperatures.

2. Entropy-driven processes (AS > 0): Governed by
hydrophobic interactions, these are enhanced at elevated
temperatures or under conditions that promote protein
unfolding (e.g. heat treatment), which exposes hydrophobic
binding sites.

4.3.3 | Integrating Equilibrium, Thermodynamics, and
Computation

The integration of Scatchard and Hill models with thermody-
namic analyses offers a robust framework for elucidating plant
protein-flavor interactions. While Scatchard analysis suffices for
simple binding systems, the Hill equation becomes indispensable
in characterizing cooperative effects at high ligand concentra-
tions. This dual approach not only clarifies binding mechanisms
but also guides the optimization of food processing conditions
(e.g. temperature, protein modification) to modulate flavor reten-
tion. Guo et al. demonstrated the utility of these models in
studying flavor binding to SPI. Specifically, linear Scatchard plots
(h=1)indicated non-cooperative binding with no conformational
changes in SPI at low flavor concentrations (0.04-0.16 mM),
whereas higher concentrations (0.4-1.6 mM) exhibited nonlinear
Hill behavior (h > 1) for citronellol, citronellal, and their esters,
signifying positive cooperativity and structural reorganization of
SPI (Guo et al. 2020). These findings have shown that ligand sat-
uration can alter protein tertiary structure, exposing hydrophobic
domains.

Recent research emphasizes the synergistic use of equilibrium
binding studies, thermodynamic profiling, and computational
modeling to provide a comprehensive understanding of protein-
flavor interactions. For instance, equilibrium binding studies
showed that the binding affinity (nK) between PPI and straw-
berry flavor compounds decreased with rising temperature, with
y-decalactone showing the strongest affinity due to its hydropho-
bicity (Wongprasert et al. 2024). Thermodynamic parameters
indicated spontaneous binding, mainly driven by hydrophobic
interactions for vanillin and y-decalactone, whereas hydrogen
bonding and van der Waals forces dominated for furaneol and
(Z)-3-hexen-1-ol. Molecular docking supported these findings,
accurately predicting binding sites and affinities and revealing
key non-covalent interactions (Wongprasert et al. 2024). In addi-
tion, molecular dynamics (MD) simulations have been effectively
coupled with Scatchard/Hill analyses and isothermal titration
calorimetry (ITC) data to visualize conformational changes
associated with cooperative binding (AH) or hydrophobic site
exposure (AS) predicted by the models (Barallat-Pérez et al. 2024;
Nunes et al. 2020). This integrated workflow confirms model
predictions and offers atomic-level insights difficult to obtain
experimentally.

Recent advances in predictive analytics can further refine
our ability to decode plant protein-flavor interactions by link-
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ing molecular architecture to binding behavior. Quantitative
structure-sctivity relationship (QSAR) and partial least squares
regression models systematically correlate molecular descrip-
tors, such as hydrophobicity, topological indices, and electronic
parameters, with experimental binding affinities, enabling high-
throughput screening of flavor retention patterns without labor-
intensive trials. For example 3D-QSAR analyses in earlier studies
highlighted the dual role of hydrophobicity and hydrogen bond-
ing in protein-flavor retention (Tromelin and Guichard 2003).
More recently, a QSAR model covering 33 flavor compounds
and five plant proteins identified hydrophobicity, electronic
properties, and molecular geometry as key drivers of binding
(Barallat-Pérez et al. 2024). Such models simplify flavor formula-
tion by predicting optimal ligand-protein pairs without extensive
experimentation.

Although studies have developed mathematical models to charac-
terize protein-flavor interactions through diverse methodologies,
critical knowledge gaps remain (Guo et al. 2020; Guo et al. 2019).
First, existing models oversimplify real food systems, neglecting
competitive interactions between proteins, lipids, and carbohy-
drates. For instance, flavor partitioning in dairy systems revealed
hydrophobic dominance, but plant proteins may exhibit distinct
synergies (Viry et al. 2018). Second, computational models often
ignore solubility limitations or concentration-dependent binding
shifts. Validating QSAR predictions is essential in practical pro-
tein solutions, particularly across flavor concentration gradients.
Finally, comparative studies across diverse protein sources (e.g.
pea, lentil, or chickpea) are needed to establish universal binding
frameworks (Kumar et al. 2025). Addressing these challenges will
refine predictive accuracy and enable tailored flavor design in
complex plant protein foods.

5 | Key Factors Affecting Plant Protein-Flavor
Interactions

Plant protein-flavor interactions are governed by intrinsic factors
(inherent properties of proteins and flavor compounds) and
extrinsic factors (processing, pH and ion strength etc.) (Figure 4
and Table 2).

5.1 | Intrinsic Factors Impact on Plant
Protein-Flavor Interactions

5.1.1 | Plant Proteins

The structural and physicochemical properties of plant proteins
critically shape their interactions with flavor compounds. Protein
conformation, surface hydrophobicity, and oligomeric organi-
zation collectively govern how flavor molecules bind, stabilize,
or release within protein matrices. Plant protein structural
rearrangements triggered by hydrophobic flavor penetration or
covalent bonding (e.g. aldehydes with lysine residues) expose
buried hydrophobic regions and enhance non-covalent interac-
tions, meanwhile occasionally destabilizing folded states (Xiang
et al. 2023). Surface hydrophobicity, modulated by oxidative mod-
ifications (e.g. malondialdehyde), optimizes flavor retention at
low oxidation levels by exposing hydrophobic domains but dimin-
ishes at higher oxidation due to aggregation (Wang et al. 2018).
Oligomeric proteins, such as pea 7S and 11S globulins, exhibit

subunit-specific binding behaviors: 11S globulins favor long-chain
aldehydes via larger hydrophobic pockets, while 7S subunits
accommodate smaller molecules through structural flexibility
(Wang et al. 2018). Synergistic effects between covalent and
non-covalent interactions further dictate flavor retention, with
long-chain aldehydes like trans-2-undecenal showing enhanced
binding via combined mechanisms (Wang et al. 2018). These uni-
versal mechanisms manifest differently across protein sources, as
detailed in Section 3. Significantly, excessive covalent modifica-
tion risks protein aggregation, underscoring the need to balance
interaction modes. Strategic manipulation of protein matrices
guided by advanced structural and thermodynamic analyses,
can offer pathways to optimize flavor stability and controlled
release in plant protein products, addressing challenges such as
off-flavors and inconsistent sensory profiles.

5.1.2 | Flavor Compounds

The molecular properties of flavor compounds, including func-
tional groups, hydrophobicity, chain length, substituent patterns,
and structural complexity, significantly shape their interactions
with plant proteins (Barallat-Pérez et al. 2023). These charac-
teristics determine the binding affinity, stability, and release
dynamics of flavor molecules in protein matrices, directly impact-
ing the sensory quality of plant protein foods (Snel et al. 2023).
Functional groups play a pivotal role in defining interaction
mechanisms. Aldehyde-containing compounds, such as octanal
and furfural, have a higher binding affinity to plant proteins
compared to alcohols or ketones (Shen et al. 2020). Similarly,
octanal binds more tightly to SPI than 1-octen-3-ol or 2-octanone,
as observed in studies about aldehyde reactivity dominated
binding kinetics (Zhang et al. 2022). Moreover, furfural has higher
affinity for SPI than 5-methylfurfural, which underscores the
importance of aldehyde positioning in optimizing steric and
electronic compatibility with protein binding sites (Guo et al.
2024). Hydrophobicity, quantified by the octanol-water partition
coefficient (LogP), is another critical factor. Compounds with
high LogP values exhibit enhanced binding to hydrophobic
regions within plant proteins (Wongprasert et al. 2024) (Table 1).
For example, thermal processing slightly enhances hexanal-SPI
binding by denaturing the protein and exposing hydrophobic
regions (Barallat-Pérez et al. 2023). Yet, hydrophobicity alone
does not guarantee stable binding at all concentrations. a-pinene
and terpinene exhibit salting-out effects at high molar ratios to
SPI, reflecting concentration-dependent phase behavior. Chain
length and molecular volume further refine binding specificity.
Long-chain aldehydes (e.g. (E)-2-octenal) bind more strongly to
PPI than shorter-chain analogs (e.g. hexanal, 2-penten-1-ol), as
their extended hydrophobic structures better align with nonpolar
protein pockets (Wang and Arntfield 2014).

Structural complexity, such as branched or cyclic configurations,
can also modulate interactions. Subtle structural variations,
including substituent position and molecular rigidity, add lay-
ers of complexity. Aromatic or cyclic compounds (e.g. furans,
pyrazines) often have higher affinities than linear molecules due
to -7 stacking or van der Waals interactions with aromatic
residues in proteins (Guo et al. 2024). Moreover, pyrazine deriva-
tives with multiple methyl groups (e.g. 2,3,5-trimethylpyrazine)
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FIGURE 4 | Factors thatinfluence the plant protein-flavor interactions, including plant protein properties, flavor compounds, processing methods,
pH and salts type/ion strength.
bind more strongly to PPI than simpler analogs (e.g. 2- 5.21 | Processing Methods
methylpyrazine), due to greater hydrophobic surface area and
steric stabilization within binding pockets (Guo et al. 2024). 5.2.1.1 | Ultrasonic Treatment. Ultrasonic treatment has

Collectively, the structural and physicochemical diversity of plant
proteins and flavor compounds creates a multifaceted interaction
landscape. These insights guide the design of plant protein
foods with optimized flavor profiles, emphasizing the selection of
hydrophobic and structurally complex molecules for stable flavor
retention. Future studies should explore how stereochemical
variations, dynamic binding processes, and competitive displace-
ment in multicomponent systems further refine flavor delivery in
protein matrices.

5.2 | Extrinsic Factors Impact on Plant
Protein-Flavor Interactions

Extrinsic factors, processing methods, pH, and ionic strength,
play crucial roles in shaping protein-flavor interactions. These
factors are relevant not only during protein isolation, determining
the structural and sensory characteristics of protein ingredients,
but also further influence flavor retention and release in plant-
based products in processing.

emerged as a promising non-thermal technology, leveraging its
unique physical effects, including high shear forces, turbulence,
and cavitation, to alter protein structures and flavor interactions.
At the isolation stage, ultrasound enhances protein yield and
reduces lipid-derived volatiles, while in product formulation it
modifies protein conformation and flavor retention (Hussain
et al. 2023; Mehta et al. 2022). Studies demonstrate that ultrasonic
energy disrupts intermolecular forces in plant proteins, such as
hydrogen bonds, disulfide bonds, and hydrophobic interactions,
leading to subunit dissociation and conformational changes. This
process generates partially unfolded or moderately denatured
protein structures, which expose hydrophobic regions and create
binding sites (Zhang et al. 2021). These structural modifications
enhance molecular flexibility and improve functional properties
(e.g. solubility, emulsification, and foaming capacity), thereby
influencing flavor retention through steric hindrance or weak
interactions (Liao et al. 2022). Compared to conventional ther-
mal treatment, ultrasound selectively reduces a-helix content
while increasing f-sheet, 5-turn, and random coil structures,
promoting protein unfolding (Kong et al. 2023). Thermal pro-
cessing primarily affects the polarity surrounding tryptophan
residues, altering flavor-binding properties (Zhao et al. 2021).
Furthermore, ultrasonic-thermal synergistic processing applied
to tofu gels can intensify structural changes, increasing sur-
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face hydrophobicity and fluorescence intensity while reducing
flavor-binding capacity. This approach significantly decreases the
concentrations of key volatile compounds, such as hexanal, (E)-
2-hexenal, and 1-octen-3-ol, while eliminating (E)-2-nonenal and
2-pentylfuran (Zhang et al. 2022). It is worth noting that ultra-
sound generated free radicals, which accelerated lipid oxidation
and modified volatile profiles and consequently reduced unde-
sirable beany flavor compounds. To balance techno-functional
enhancements with sensory quality, parameter optimization
(e.g. power density, duration, and salt concentration) is criti-
cal to mitigate oxidative side effects while maximizing flavor
retention.

5.2.1.2 | Extrusion processing. Extrusion processing, as a
high-efficiency thermomechanical technology, profoundly alters
the structure-function relationships of plant proteins and their
interactions with flavor compounds through synergistic effects
of high temperature, high pressure, and intense shear forces
(Kadam et al. 2025). Studies reveal that extrusion transforms
protein structure from a compact texture into an irregular,
spongy matrix with V-type crystal formation. This reorganization
triggers dynamic changes in volatile compounds, leading to
increased levels of aldehydes (e.g. hexanal) and heterocyclic
compounds (e.g. pyrazines) after extrusion (Chen et al. 2023).
Consequently, the extrusion processing of oat flour induces a
flavor transition from the raw oat green odors to nutty, grassy, and
bean-like odors driven by thermal and shear effects. Additionally,
the process elevates umami amino acids (e.g. glutamic acid)
while reducing bitter amino acids (e.g. leucine), enhancing the
overall flavor (Zhang et al. 2023). Extrusion parameters, such
as mechanical energy and texturization temperature, critically
regulate the microstructure and flavor retention of plant proteins.
During extrusion of plant-based meat analogs, soybean proteins
undergo structural rearrangements that expose hydrophobic
regions, hereby promoting hydrophobic interactions with beany
flavor compounds (e.g. hexanal and (E)-2-nonenal) and facil-
itating their physical entrapment within a uniform, dense air
chamber structure of high porosity (Yang et al. 2023). Moreover,
high extrusion temperatures exaggerate lipid oxidation in raw
plant materials or uncontrolled Maillard reactions (producing
bitter peptides), thermal degradation releases amino acids that
undergo deamination and decarboxylation, forming aldehydes
and sulfides (Samard et al. 2019). Therefore, it is necessary for
the process optimization (e.g. temperature, moisture control,
screw configuration) to balance functional enhancement and
flavor stability. Structural characterization further indicates that
a reduction in a-helix and f-sheet content diminishes molecu-
lar compactness, exposing additional hydrophobic regions that
enhance interactions with flavor molecules (Sun et al. 2022).
Collectively, these interrelated phenomena highlight the critical
influence of extrusion processing on the structural reorganization
of plant proteins and then the consequent change of flavor
attributes in plant protein products.

5.2.1.3 | Other treatments. Microwave and ultrafine grind-
ing represent two distinct approaches in modulating plant
protein-flavor interactions through physicochemical modifica-
tions. Microwave treatment, when applied as a post-processing
technology in protein-flavor systems, leverages rapid thermal
energy to reconfigure structural networks, enabling controlled
flavor release while maintaining protein functionality. For exam-

ple, in 4D-printed soy protein-carrageenan gels, optimized
microwave power facilitates shape transformation and stabilizes
volatile flavor compounds (Phuhongsung et al. 2020). Ultrafine
grinding relies on prolonged mechanical shear to alter protein
secondary structures, increasing a-helix, 3-sheet and random coil
content, and enhancing surface properties, thereby improving
solubility and emulsifying capacity (Zhao et al. 2020). Extended
grinding duration can increase total volatile compounds, primar-
ily aldehydes and alcohols, by exposing flavor precursors, while
excessive processing risks oxidative flavor degradation. Both
methods demonstrate how thermal-mechanical (microwave)
and purely mechanical (grinding) forces differentially influence
protein-flavor binding and release dynamics, providing founda-
tional insights for integrating additional processing strategies in
flavor optimization.

Collectively, diverse processing technologies for PBPFs can mod-
ulate protein structures and thereby influence flavor retention
and release through distinct physicochemical pathways (Chen
et al. 2025). While these methods enhance functional properties,
they also introduce challenges related to oxidative degradation
and flavor stability. Future research should focus on the syn-
ergistic integration of multiple processing techniques, advanced
characterization of dynamic protein-flavor interactions, and the
optimization of parameters using data-driven approaches. Addi-
tionally, sustainable and precision-tailored processing strategies
will be critical for developing next-generation plant-based foods
with superior sensory and nutritional profiles.

522 | pH

The pH environment critically governs plant protein-flavor inter-
actions by altering protein conformation, surface charge, and
enzymatic activity. For instance, studies on PPI extraction reveal
that lipoxygenase activity is lowest at pH 9.0, thereby minimizing
the formation of beany flavor compounds such as hexanal, 1-
octen-3-ol, and 2-methoxy-3-isopropyl pyrazine (Gao et al. 2020).
Similarly, research on SPI shows pH-induced structural changes
increase protein flexibility and exposure of hydrophobic regions
enhancing binding with esters (e.g. hexyl acetate) and alcohols
(e.g. linalool) at higher pH, while hydrophobic terpenes like
limonene exhibit a “salting-out” effect as binding weakens (Guo
et al. 2019). Flavor retention typically peaks near the isoelectric
point (pH 4-5), where protein aggregation promotes hydrophobic
interactions, but decreases under alkaline conditions (pH 9-11)
as solubility increases and binding with hydrophobic volatiles
weakens (Cui et al. 2020). In addition, pH regulates the net charge
of plant proteins relative to the isoelectric point (pI): limited
binding occurs near the pI due to low solubility and reduced
charge, while deviations from the pI enhance electrostatic inter-
actions, which may be moderated by ionic shielding (Kuijpers
et al. 2025). These effects arise from pH-dependent alterations
in electrostatic and hydrophobic interactions, as extreme pH
conditions disrupt native conformations and alter binding sites
(Weel et al. 2003). Importantly, the progressive increase in flavor
retention from pH 3.0 to 9.0 due to greater hydrophobic site
availability, indicating that protein unfolding at alkaline pH facil-
itates flavor entrapment, whereas acidic conditions may promote
electrostatic repulsion or favor hydrogen bonding, depending
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on flavor polarity, which can be leveraged in protein-based
beverage formulation (Guo et al. 2019). These findings underscore
the interplay between pH-mediated protein flexibility, surface
hydrophobicity, and flavor release kinetics, and highlight the
importance of precise pH control to avoid irreversible protein
aggregation or flavor degradation.

5.23 | Ion Strength

The ionic environment, particularly salt type and concentration,
plays a pivotal role in plant protein-flavor interactions by alter-
ing protein conformation and molecular forces. Salts modulate
protein structure through electrostatic shielding and hydrophobic
effects governed by the lyotropic (Hofmeister) series, where
different anions can either destabilize or stabilize protein fold-
ing. For example, sodium salts with chaotropic anions (e.g.
SCN~) may weaken hydrophobic interactions and disrupt native
conformations and then modify flavor-binding sites, whereas kos-
motropic anions (e.g. SO,*7) tend to stabilize compact structures
and potentially limit flavor accessibility (Sun and Arntfield 2012).
Moreover, salt type also influences plant protein gelation and
flavor interactions, as evidenced by NaCl, KCl, and CaCl, produc-
ing distinct elastic properties in carrageenan gels, and divalent
cations like Mg?* and Ca’* enhancing flavor compound binding
through charge bridging or structural stabilization (Souza et al.
2023). In plant protein-based systems, salt addition can simulta-
neously screen surface charges, therefore reducing electrostatic
repulsion between proteins and flavor compounds, and perturb
water structure to amplify hydrophobic interactions. For instance,
moderate NaCl concentration (0.251 M) may promote protein
unfolding and expose hydrophobic sites that enhance nonpolar
flavor binding, while high salt levels (CaCl, >0.25 M, NacCl
>1 M) might induce protein aggregation that occludes binding
sites, leading to variable effects on flavor retention through shifts
in electrostatic repulsion, hydrogen bonding, and hydrophobic
patch exposure (Wang and Arntfield 2015). Furthermore, the
Hofmeister effect adds complexity to these interactions; anions
like C1~ (mid-series) may subtly alter protein flexibility compared
to strongly stabilizing (F~) or destabilizing (SCN™) ions, thereby
diversifying flavor adsorption dynamics (Arntfield et al. 1990).
These dual electrostatic and hydrophobic mechanisms highlight
the need to study salt-specific effects on plant protein matrices to
optimize sensory quality, with applications in cell-cultured meat
scaffolds—affecting 3D gel or electrospun fiber formation—and
plant-based cheese, where salt-protein interactions guide flavor
release.

6 | The Opportunities and Challenges of Plant
Protein-Flavor Interactions in Food Industry

The interactions of plant proteins and flavor compounds presents
both opportunities and challenges in food product development.
As functional flavor carriers, plant proteins bind and stabilize
key aroma molecules to enable flavor delivery in plant protein
products. Conversely, this binding affinity may cause flavor mask-
ing or undesired retention, requiring meticulous formulation and
processing consideration (Qian et al. 2025; Wongprasert et al.
2024). This dual role highlights both their potential in enhancing
product quality and the technical barriers that must be overcome.

6.1 | Opportunities of Plant Protein-Flavor
Interactions

The interaction between plant proteins and flavor compounds
offers multifaceted functional benefits in the food industry,
driven by dynamic molecular-level binding and release mech-
anisms. Plant proteins utilize their structural features, such
as hydrophobic domains and hierarchical porous networks, to
efficiently capture flavor molecules via physical adsorption or
chemical bonding (Bi et al. 2020). These mechanisms allow
for controlled release during processing, storage, and consump-
tion, thereby enhancing sensory persistence. For instance, pea
protein-strawberry flavoring complexes can be applicable in
flavor formulation for plant-based protein aqueous foods, and
almond protein-vanillin nanofibers used as the thermostable
delivery system for flavor (Wongprasert et al. 2024). Additionally,
hydrolyzed peptides interacting with Maillard reaction com-
pounds contribute to roasted aromas and textural improvements
in plant-based analogs (Barallat-Pérez et al. 2023; Sun et al.
2023). Such interactions not only support clean-label innovation
by reducing synthetic additives but also improve oxidative sta-
bility and bioavailability of certain flavor precursors (Jin et al.
2023).

6.2 | Challenges of Plant Protein-Flavor
Interactions

Despite their benefits, plant protein-flavor interactions also lead
to several challenges that compromise sensory quality, with the
persistence of characteristic beany notes, which largely arise
from lipid oxidation catalyzed by endogenous lipoxygenase (LOX)
(Roland et al. 2017). Limited solubility of proteins such as PPI,
together with residual polar lipids, often generates grassy or
rancid undertones that reduce consumer acceptance (Li et al.
2024). Additionally, strong binding affinities may trap desir-
able aroma compounds, leading to unbalanced flavor profiles
and masking of target notes. Non-volatile compounds such as
flavonoids or phenolic acids can further intensify these prob-
lems by stabilizing volatile off-flavor precursors (Roland et al.
2017). Moreover, covalent binding between proteins and volatiles
may distort oxidation assessments, since common methods (e.g.
TBARS, hexanal quantification) often underestimate the extent
of deterioration (Abeyrathne et al. 2021), complicating both shelf-
life management and targeted interventions (Reineccius 2022).
Thus, the challenge lies less in understanding the chemical
mechanisms—which are well established—and more in trans-
lating this knowledge into effective sensory optimization and
reliable quality control.

6.3 | Strategies to Modulate Flavors in
Plant-Based Protein Foods

As mentioned, the impact of plant protein-flavor interactions on
off-flavor generation, the following sections will systematically
examine flavor modulation approaches (as illustrated in Figure 5).
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FIGURE 5 | Strategies to modulate flavors of plant-based protein foods: (A) physical methods, (B) chemical methods, and (C) biological methods.

6.3.1 | Physical Methods

Adsorption and encapsulation techniques have emerged as effec-
tive physical approaches to address off-flavors in plant-based pro-
teins. Adsorbents such as Amberlite-XAD16N, Sepabeads-SP207,
and Diaion-HP20 reduce aldehydes and alcohols in lentil protein
isolates by 32-41%, associated with a reduction in beany odor

in the deodorization step (Guldiken et al. 2021). B-cyclodextrin
further enhances flavor removal by forming inclusion complexes
with hydrophobic compounds; when combined with phospho-
lipase A,, it can decrease key beany volatiles like benzaldehyde
and hexanal (Guldiken et al. 2021). Encapsulation strategies,
such as SPI/chitosan complex coacervates and Pickering emul-
sions, leverage electrostatic interactions and hydrogen bonding

Comprehensive Reviews in Food Science and Food Safety, 2026

37 of 45

'sdny) SUOHIPUOD P SULB L 3L} 89S *[SZ02/2T/TT] uo Ariqiauliuo A1 ‘961780 SISBAIIN - JBILULCOMeS e ale N AQ 8TE0L LEEY-TYST/TTTT OT/I0P/LI0Y A8 1M ARig RUIIUO"Y1//STNY W1y papeouMOd ‘T ‘9202 ‘LEEVTYST

YEILYS

35UBD1 7 SUOLIWOD dA1RR1D) 3|0edldde aup Ag peusenob afe sapp e YO ‘asn J0 Sajn 1oy Akelg1aulluQ AB|1AM UO (SUORIPUOI-P!



to entrap volatile compounds, significantly mitigating flavor loss
of PBMA during thermal processing (Li et al. 2024; Zeng et al.
2024). These methods rely on modifying interfacial properties
or molecular interactions to stabilize flavor compounds within
protein matrices.

Spray-drying and thermal treatments offer complementary solu-
tions. Spray-drying with amorphous carriers (e.g. gum arabic or
maltodextrin) disrupts S-sheet conformations in PPI, improving
solubility and reducing off-flavor compounds like 1-octen-3-
ol by 2-3-fold, which corresponded to weakened earthy/musty
perception (Lan et al. 2019). Thermal treatments (75-95°C) induce
protein unfolding, exposing hydrophobic regions that bind off-
flavors; however, prolonged heating risks Maillard reactions or
aggregation, necessitating precise temperature control (Xu et al.
2024). Supercritical carbon dioxide (SC-CO,) utilizes a dual-
regulation mechanism based on density and diffusivity: high
pressure for cutting off the source of off-flavors in soybean flour,
while low pressure with high diffusivity enables targeted removal
of volatile molecules (Kaur and Ubeyitogullari 2024). This is
further enhanced by structural disruption, ultimately achieving
efficient elimination of beany odor compounds (reducing con-
centration to 9% of that in the untreated sample). There is also
research utilizing high pressure (200 MPa) to alter the confor-
mation of SPI, facilitating its efficient hydrolysis by Corolase PP
(Guan et al. 2024). This process dynamically regulates the degra-
dation pathway of bitter peptides while synergistically enhancing
emulsion stability and antioxidant activity. Ultimately, it achieves
significant bitterness reduction and flavor optimization.

In practice, physical methods such as spray-drying and extrusion
are already used in large-scale production of plant-based meats
and protein powders (Ong et al. 2025). Challenges such as
oxidation during spray-drying or temperature-dependent flavor
release highlight the need for integrated antioxidant strategies
and process optimization to balance functionality and sensory
quality in industrial applications. Therefore, future research
should focus on improving carrier stability, optimizing processing
parameters, and developing scalable hybrid approaches that
ensure flavor retention.

6.3.2 | Chemical Methods

Chemical modification serves as an effective strategy to address
undesirable flavors in plant-based protein products by altering
protein-flavor interactions and enhancing functional proper-
ties (Wang et al. 2021). Acylation, phosphorylation, amidation,
esterification, and non-enzymatic glycation are widely used to
modulate protein structure and flavor binding affinities (Zha et al.
2021b). For instance, acylation via acetylation or succinylation
modifies the isoelectric point and charge distribution of pro-
teins, reducing hydrophobic interactions with flavor compounds,
thereby mitigating beany off-flavors (Zha et al. 2021b). Suc-
cinylation, in particular, induces protein unfolding and charge
repulsion, diminishing flavor retention (Wang et al. 2018). Simi-
larly, enzymatic deamination using protein-glutaminase weakens
covalent or hydrophobic bonds between proteins and flavor
molecules, shifting interactions to weaker van der Waals forces
or hydrogen bonds, which reduced aldehydic harshness in lig-

uid plant-based foods such as plant milks (Suppavorasatit and
Cadwallader 2012). In heat-processed plant protein products,
amidation and esterification chemically modify acidic amino acid
residues (Asp/Glu) to modulate protein functionality and flavor
binding through structural unfolding and charge modification,
whereas phosphorylation introduces phosphoryl groups, enhanc-
ing heat stability while potentially reducing water solubility.
However, these methods have potential issues regarding the
toxicity of reagents used and the lack of data on their safe
usage in the food industry (Zha et al. 2021a). Nonenzymatic
glycation through Maillard reaction not only improves solubility
and antioxidant activity but also reduces off-flavors by generating
new aroma compounds, relating to sweet and roasted flavors (Zha
et al. 2021a).

Additionally, site-selective chemical modifications enable precise
control over flavor-binding by targeting specific amino acid
residues or protein termini. For example, modifying lysine
residues with electrophilic reagents or leveraging the unique
reactivity of N-/C-termini can reduce off-flavor retention while
maintaining structural integrity in plant-based beverages (Zha
et al. 2021b). Solvent-assisted extraction further complements
chemical strategies. Alcohol washing (e.g. ethanol/isopropanol)
effectively removes lipid-derived off-flavors in PPI by leveraging
solvent polarity to solubilize volatile compounds, achieving up
to 94% reduction in total volatile content (Wang et al. 2020).
Moreover, in the preparation of SPI, introducing furaneol with
thermal processing during protein resolubilization competitively
binds off-flavors (e.g. hexanal, (E)-2-nonenal) from binding sites.
It is evident from molecular docking that furaneol can accelerate
their release, effectively reducing grassy, beany and oil oxida-
tion odors as validated by the sensory panel (Xu et al. 2025).
Additive masking enhances sensory profiles through incorpo-
ration of natural spices (e.g. garlic, pepper), Maillard reaction
products (e.g. sulfur-containing heterocyclics), or plant extracts
(e.g. vanilla, curcumin) (Nagassa et al. 2024). For instance,
SPI complexes with raspberry juice shift flavor profiles from
“beany” to “citrus,” demonstrating synergistic flavor modulation
(Kelemen et al. 2022). Recent studies on hybrid meat-mimicking
analogs (HMMAs) further highlight chemical and structural
modifications: polysaccharides such as carrageenan enhance
Maillard reactivity through carbonyl groups (Qiu et al. 2025).
However, the dense matrix networks formed during extrusion
hinder volatile diffusion, necessitating yeast extract to offset
flavor loss, however the long-term stability of flavor retention
remains unresolved due to dynamic protein-network interactions
(Jiang et al. 2025).

Overall, only mild chemical approaches such as ethanol washing
and natural flavor masking are used commercially, as more
complex modifications face regulatory and clean-label con-
straints. Future research should focus on integrated chemical
approaches that offer a multifaceted toolkit to tailor plant protein
functionality and flavor profiles, but still with clean labels.

6.3.3 | Biological Methods

Biological methods, particularly enzymatic modification and
microbial fermentation, have emerged as sustainable and pre-
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cise strategies to mitigate off-flavors in plant protein foods.
Enzymatic deamidation, catalyzed by glutaminase, modifies glu-
tamine residues into glutamic acid, altering protein conformation
to weaken hydrophobic interactions with aldehydes and shift
binding to weaker van der Waals forces, thereby facilitating flavor
release (Xiang et al. 2023). For instance, protein-glutaminase
treatment reduced hexanal and 2-pentylfuran in SPI by 80.2%
and 95.2% respectively, and then lowering beany intensity for
the high-moisture extrudates (Li et al. 2024). Similarly, pro-
teolysis via alcalase disrupts hydrophobic domains, releasing
trapped esters and ketones while enhancing aldehyde retention
due to exposed reactive groups (e.g. lysine), which could weak
grassy notes and potentially facilitate nutty-like odors. Trans-
glutaminase (TGase)-mediated cross-linking improves gelation
and thermal stability of plant proteins, indirectly modulating
flavor release by altering matrix viscosity and diffusion barriers
(Zha et al. 2021b). Microbial fermentation offers dual benefits by
degrading off-flavor compounds and generating desirable flavors.
Lactic acid bacteria and yeast strains, such as Lactobacillus
plantarum and Saccharomyces cerevisiae, enzymatically convert
hexanal and decadienal into less odorous alcohols (hexanol,
octanol) via alcohol dehydrogenase or metabolize proteins and
carbohydrates into flavor-enhancing metabolites (e.g. diacetyl,
lactic acid), thereby replacing grassy-green notes with softer fruity
and creamy notes (Xiang et al. 2023). Streptococcus thermophilus
and Leuconostoc mesenteroides in plant-based protein products,
produce buttery (2,3-butanedione) or cheesy (branched-chain
fatty acids) odors, masking residual off-flavors (Xiang et al. 2023).
Fermentation of pea milk with Lactobacillus johnsonii reduced
grassy odors by 92.6 % and elevated (-)-mytenol by 50-fold,
leading to floral and woody aroma profile validated by sensory
tests (Tangyu et al. 2023). Proteomic analyses of Bacillus subtilis-
fermented soymilk further linked flavor modulation to amino
acid metabolism, where threonine pathways generated pyrazines,
generating roasted notes (Hu et al. 2024).

Recently, numerous studies have demonstrated that hybrid
approaches integrating biological and chemical or physical
methods demonstrate synergistic effects, which could achieve
enhanced outcomes that are otherwise unattainable through
single method. For example, combining enzymatic hydrolysis
(alcalase) with chemical acylation (acetylation/succinylation)
can selectively modulate flavor retention: acetylation masks
—NH, and —OH groups to reduce binding, and succinylation
introduces negative charges to weaken hydrophobic interactions.
Concurrently, hydrolysis releases esters but increases disulfide
retention via exposed —~SH groups, necessitating balanced mod-
ifications for optimal flavor profiles (Shi et al. 2021). Physical-
biochemical hybrids, such as TGase-crosslinked or heat-induced
gels, regulate flavor release through matrix design. Especially,
TGase-induced plant protein gels with higher rigidity slow the
diffusion of nonpolar flavors, whereas softer heat-induced gels
enhance aroma perception by facilitating molecular mobility,
which can be applied in low-fat or reduced-salt plant-based
foods to compensate for flavor loss (McClements 2017; Pu et al.
2019). In addition, bioengineered additives like Pichia-derived
porcine myoglobin (PMb) exemplify targeted flavor modula-
tion in plant meat analogues, 0.5% PMb in soy-wheat blends
suppresses aldehydes significantly while elevating ketones and
pyrazines, bringing roasted aroma via volatile synergy and sup-

pressing beany odors validated by sensory panel (Qian et al.
2025).

Biological methods highlight the potential of tailored enzymatic
treatments, strain-specific fermentation, and matrix engineer-
ing to mitigate off-flavor, which already used commercially in
plant-based yogurts, burgers, and cheese analogs, making bio-
logical approaches among the most industrially viable. However,
challenges such as residual bitterness from proteolysis, strain
compatibility and scalability require further optimization to
meet industrial demands for clean-label and appealing-sensory
attributes (Zha et al. 2021b). Future advance can focus on inte-
grating hybrid techniques (e.g. Al-enabled bio—-physicochemical
metabolic design) to synergistically disrupt off-flavor formation,
release, and perception (Li et al. 2024).

7 | Conclusion and Perspectives

The interactions between plant proteins and flavor compounds in
PBPFs vary significantly across protein sources. Legume proteins
exhibit strong hydrophobic and covalent interactions with aldehy-
des and sulfur-containing compounds, while cereal/pseudocereal
proteins engage in moderate, reversible binding via hydrogen
bonds and electrostatic forces. Nut and seed proteins demon-
strate lipid-modulated flavor release, and emerging sources like
algae present unique challenges due to structural complexities.
Significantly, not all the protein-flavor interactions in plant-based
foods have been identified. Even with identical proteins and flavor
molecules, differences in the physical state of the protein matrix,
such as liquid versus gel, can lead to markedly different flavor
retention and release behaviors. Gel structures restrict flavor
mobility while emulsions facilitate faster release, this structural
heterogeneity complicates the standardization and comparison of
findings.

The perception of flavors in PBPFs is a dynamic interplay
between physiological processes and physicochemical interac-
tions, shaped by olfactory pathways, salivary activity and taste
perception. Mechanistically, the interactions between plant pro-
teins and flavor compounds are governed by reversible non-
covalent forces and irreversible covalent bonds. Prior studies have
employed diverse analytical methodologies, such as ITC, surface
plasmon resonance (SPR), fluorescence quenching, and GC-
MS, to investigate these interactions. However, these techniques
vary in sensitivity, resolution, and applicability, contributing to
challenges in result comparability. Analytical models such as the
Scatchard equation and Hill model could be employed to quantify
the binding thermodynamics. The Scatchard model assumes
independent and equivalent binding sites, thus overlooking
cooperative interactions, while the Hill model incorporates coop-
erativity but presumes site homogeneity-both simplifications
can limit their ability to fully represent complex protein-flavor
systems.

Intrinsic factors like protein conformation, surface hydropho-
bicity, and flavor compound polarity dictate binding specificity
of plant protein-flavor interactions, while extrinsic factors, pro-
cessing conditions, pH and ionic strength, dynamically modulate
interactions. In the plant protein foods, these interactions present
dual outcomes: controlled binding enhances flavor stability, but
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irreversible associations often result in off-flavors. Moreover,
inconsistencies in results across studies often arise due to differ-
ences in matrix formats, protein extraction and isolation methods.
These experimental divergences limit the cross-comparability of
findings and hinder consensus in binding behavior.

Based on this, multifaceted addressing strategies are employed,
including physical methods (encapsulation, spray-drying), chem-
ical methods (structural modification, Maillard reaction mask-
ing, solvent-assisted extraction), biological methods (enzymatic
hydrolysis, fermentation), and hybrid techniques. However, these
strategies also present limitations: physical methods may lead
to low flavor retention during storage or processing; chemical
and biological modifications can inadvertently alter nutritional
quality or introduce off-target effects. Additionally, the scalability
and cost-effectiveness of hybrid techniques remain challenges for
industrial application.

Future research should prioritize computational models (e.g.
molecular docking, machine learning) to predict interaction
between specific protein domains and flavor molecules. Ana-
lytical advancements should hinge on more precision tools like
Al-driven QSAR models to predict binding dynamics. In this
context, the behavior and underlying mechanisms of charac-
teristic key flavor compounds across various protein matrices
deserve particular attention, as matrix-specific interactions may
significantly influence flavor perception and delivery. In addition,
digital oral processing dynamics, simulating mastication forces
and lingual shear, could also predict flavor release kinetics. More-
over, advanced technologies are also required for protein-flavor
modulation, encapsulation systems (e.g. double emulsions with
alginate-chitosan matrices) might enable pH-triggered release
of lipid-soluble flavors during oral processing. Pulsed electric
fields could selectively disrupt protein-flavor complexes while
preserving nutritional integrity. And emerging tools like CRISPR-
Cas9-mediated protein editing may enable targeted modifica-
tions of amino acid residues to reduce covalent binding with
off-flavor compounds for flavor modulation. Furthermore, 4D
printing of anisotropic plant protein structures could mimic meat
fibrous texture and release flavor orderly with embedding flavor
reservoirs.

The authors recommend the integration of “flavoromics” with
sustainable processing and structural bioengineering approaches
to bridge gaps in flavor acceptance in plant-based products.
Equally, aligning these innovations with clean label prin-
ciples, minimizing artificial additives, simplifying ingredient
lists, and enhancing naturality, will be pivotal in earning
consumer trust. In addition, systematic sensory validation
is essential to complement computational tools by explic-
itly linking molecular predictions with perceptual outcomes
such as thresholds, hedonic scores, and retronasal percep-
tion. Combining sensory tests and consumer evaluations will
ensures that mechanistic insights are effectively translated
into products that deliver flavor quality consistent with con-
sumer expectations. Through harmonizing molecular insights,
protein topology optimization, green technologies, and sen-
sory validation, future research can position plant protein
foods as flavorful, nutritious, and sustainable staples in global
diets.
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