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Abstract

The development of functional foods has historically centered on the identification and
enhancement of bioactive compounds; however, bioactivity alone does not guarantee
successful translation into safe, stable, and regulatory-compliant products. A substan-
tial proportion of functional ingredients fail during commercialization due to inadequate
consideration of processing stability, food safety risks, and regulatory constraints at early
stages of product design. This narrative review presents an integrated, application-oriented
framework for functional food development that systematically links processing technolo-
gies, safety assurance, and regulatory readiness. Conventional and emerging processing
approaches, including fermentation, thermal treatments, high-pressure processing, and
non-thermal technologies, are critically examined with respect to their effects on the stabil-
ity, functionality, and bioavailability of bioactive constituents within complex food matrices.
Key safety challenges, including microbiological hazards, process-induced chemical con-
taminants, and quality degradation during storage, are discussed in the context of industrial
scalability. In parallel, regulatory considerations related to ingredient classification, sub-
stantiation of functional claims, and market authorization across major jurisdictions are
reviewed to identify common translational bottlenecks. To bridge the gap between lab-
oratory research and real-world application, a Functional Food Readiness Framework is
proposed to support early-stage evaluation of technological feasibility, safety compliance,
and regulatory alignment. This holistic perspective aims to guide the design of functional
foods that are not only biologically effective, but also robust, safe, and commercially viable.
The proposed framework can assist researchers, product developers, and food industry
stakeholders in making informed decisions during functional food formulation, process
optimization, and regulatory strategy development.

Keywords: bioactive compounds; food matrix interactions; nutraceutical development;
non-thermal technologies; risk assessment; product commercialization; translational food
innovation

1. Introduction
The concept of functional foods has evolved substantially over the past three decades,

reflecting advances in nutrition science, food chemistry, and processing technologies. Func-
tional foods are commonly defined as foods that provide health benefits beyond basic
nutritional functions when consumed as part of a normal diet. Unlike conventional foods
that primarily supply essential nutrients, functional foods contain biologically active com-
ponents such as probiotics, prebiotics, bioactive peptides, polyphenols, or omega-3 fatty
acids that may contribute to the prevention or management of chronic diseases and support
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physiological functions. Although definitions vary across regulatory jurisdictions and
scientific communities, the concept generally encompasses foods that have been naturally
enriched, fortified, or formulated to enhance their health-promoting properties. As interest
in diet-based strategies for disease prevention grows, functional foods have gained increas-
ing attention as potential tools for improving public health and reducing the burden of
chronic disease. Early functional food research was largely bioactivity-driven, emphasizing
the identification, isolation, and enrichment of specific compounds such as polyphenols,
bioactive peptides, probiotics, and omega-3 fatty acids shown to exert physiological benefits
beyond basic nutrition. This compound-centric paradigm, strongly influenced by pharma-
ceutical discovery models, prioritized in vitro bioactivity and, to a lesser extent, in vivo
efficacy, often under highly controlled laboratory conditions [1,2]. While this approach
has yielded important insights into structure–function relationships and mechanisms of
action, it has proven insufficient for ensuring successful translation into safe, stable, and
market-ready food products.

In recent years, functional food development has begun to shift toward an application-
driven design philosophy, recognizing foods as complex, dynamic systems rather than
passive delivery vehicles for isolated bioactives. Within real food matrices, bioactive com-
pounds interact with proteins, lipids, carbohydrates, water, and processing-induced struc-
tures, resulting in altered stability, bioaccessibility, and bioavailability [3–5]. Consequently,
functional efficacy observed under idealized experimental conditions often fails to persist
after industrial processing, storage, and distribution. This disconnect has contributed to a
high attrition rate of functional ingredients during scale-up and commercialization, despite
promising early-stage biological evidence.

A major limitation of bioactivity-only approaches lies in their insufficient consider-
ation of processing stability. Thermal treatments, mechanical shear, pressure, and non-
thermal energy inputs can degrade sensitive compounds, induce unfavorable chemical
transformations, or disrupt delivery systems designed to protect bioactives [6,7]. Fer-
mentation and emerging non-thermal technologies may enhance functionality through
biotransformation or improved bioaccessibility, yet they also introduce variability that
must be tightly controlled to ensure consistency and safety. Without the early integration
of processing constraints, functional performance often deteriorates long before products
reach consumers.

Equally critical are food safety challenges, which are frequently underestimated in
functional food innovation. The incorporation of novel ingredients, live microorganisms,
or minimally processed components can increase microbiological risks, while certain
processing strategies may promote the formation of undesirable chemical contaminants or
accelerate oxidative and enzymatic degradation during storage [8–12]. Functional foods
must therefore meet the same rigorous safety expectations as conventional foods, yet many
development pipelines treat safety assessment as a downstream or regulatory hurdle rather
than a core design parameter.

In parallel, regulatory rejection and claim non-compliance remain persistent barriers
to market entry. Regulatory frameworks governing functional foods vary substantially
across jurisdictions, particularly with respect to ingredient classification, evidence require-
ments for functional or health claims, and authorization pathways for novel foods [13–15].
Products that demonstrate biological activity may nonetheless fail to obtain approval if
claims are inadequately substantiated, ingredients are misclassified, or processing alters the
nature of the active component. These challenges highlight the inadequacy of development
models that do not incorporate regulatory considerations from the outset.

Collectively, these limitations underscore the urgent need for integrated translational
frameworks that align biological efficacy with technological feasibility, safety assurance,

https://doi.org/10.3390/app16062999

https://doi.org/10.3390/app16062999


Appl. Sci. 2026, 16, 2999 3 of 42

and regulatory readiness. Recent scholarship increasingly emphasizes systems-based
and life-cycle approaches to functional food design, integrating processing science, risk
assessment, and regulatory strategy into early-stage research and development [16–19].
However, practical tools to operationalize this integration remain limited.

Beyond scientific efficacy, contemporary functional food development is increasingly
shaped by sustainability imperatives, evolving regulatory frameworks, and the need
for scalable manufacturing solutions. In addition, consumer perception, trust in health
claims, and acceptance of novel ingredients or processing technologies play a decisive
role in determining the market success of functional food products. Global initiatives
promoting sustainable food systems and risk-based regulation have further highlighted
the limitations of bioactivity-centric innovation pathways that fail to adequately con-
sider processing feasibility, safety validation, and regulatory alignment early in product
development. Consequently, functional foods are increasingly conceptualized as engi-
neered systems in which biological performance emerges from the coordinated design
of ingredients, matrix structure, processing technologies, and safety controls rather than
from isolated bioactive compounds alone. This shift underscores the need for integrative
frameworks capable of bridging laboratory discovery with industrial implementation and
market authorization.

The scope of this review is to provide a critical, application-oriented synthesis of
functional food development beyond bioactivity alone. Specifically, this article examines
(i) how conventional and emerging processing technologies influence the stability, func-
tionality, and bioavailability of bioactive compounds within complex food matrices;
(ii) key safety challenges associated with functional food formulation, processing, and
storage; and (iii) regulatory considerations related to ingredient classification and
functional claims across major markets. Rather than addressing these domains in
isolation, the review emphasizes their interdependence and cumulative impact on
translational success.

The novel contribution of this work is the introduction of a Functional Food Readiness
Framework (FFRF), designed to guide early-stage evaluation of functional food concepts
through the lenses of technological readiness, safety readiness, and regulatory readiness.
By embedding processing constraints, hazard identification, and regulatory alignment
into the design phase, this framework aims to reduce late-stage failures and accelerate the
development of functional foods that are not only biologically effective, but also robust,
safe, and commercially viable. In doing so, this review seeks to advance functional food
science toward a more predictive, systems-oriented, and translation-focused discipline.

Despite the growing body of research on functional foods and bioactive ingredients,
the existing literature largely examines individual aspects of functional food development
in isolation. Previous frameworks typically focused on either the identification of bioactive
compounds, the evaluation of health benefits, or the optimization of processing technolo-
gies. While these contributions have significantly advanced the field, they rarely integrated
technological feasibility, safety considerations, and regulatory readiness within a unified
conceptual framework. As a result, many functional food innovations encounter barriers
during translation from laboratory research to commercial product development. In partic-
ular, the literature lacks a systematic framework that simultaneously addresses ingredient
functionality, process stability, food safety risks, and regulatory compliance throughout
the product development pipeline. Therefore, the objective of this review is to provide
an integrative perspective that connects processing technologies, safety assurance, and
regulatory considerations within a comprehensive functional food readiness framework.
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2. Review Methodology
This review adopts a narrative–integrative approach aimed at synthesizing current

knowledge related to the development of functional foods, with particular emphasis
on the interactions between processing technologies, safety considerations, and regula-
tory frameworks. A structured literature search was conducted using major scientific
databases including Scopus, Web of Science, and PubMed. The search focused primarily
on studies published between 2014 and 2025 in order to capture recent scientific develop-
ments, although earlier seminal publications were included when necessary to provide
conceptual background.

The literature search employed combinations of relevant keywords such as functional
foods, bioactive compounds, food processing technologies, non-thermal processing, food
safety, regulatory frameworks, and functional food development. Boolean operators were
applied to refine the search and identify studies addressing the technological, safety, and
regulatory dimensions of functional food systems.

Studies were considered eligible for inclusion if they addressed processing or preser-
vation technologies relevant to functional food systems, evaluated the stability or safety of
bioactive compounds within food matrices, or discussed regulatory and commercialization
aspects associated with functional food development. Peer-reviewed research articles,
review papers, and authoritative reports were considered. Studies focusing exclusively on
clinical nutrition without relevance to food processing or product development, as well
as those addressing pharmaceutical nutraceutical formulations rather than food-based
systems, were excluded from the analysis.

The selected publications were screened based on titles, abstracts, and full-text eval-
uation to ensure their relevance to the scope of this review. The final body of literature
was then synthesized to identify current technological approaches, safety challenges, and
regulatory considerations associated with the development of functional foods, ultimately
informing the integrative framework proposed in this study.

3. Functional Foods in Complex Food Systems
Functional foods operate within multiphase, hierarchically structured food systems,

where biological efficacy is modulated not only by the intrinsic properties of bioactive com-
pounds but also by their interactions with the surrounding matrix and processing history.
Unlike pharmaceutical formulations, foods are consumed as heterogeneous assemblies of
macromolecules, microstructures, and dispersed phases that jointly influence/govern the
stability, release, and physiological fate of bioactives. Understanding functional foods as
systems rather than ingredient lists is therefore essential for translational success.

3.1. Bioactive Compounds and Mechanisms of Action

Functional foods encompass a broad and heterogeneous spectrum of bioactive com-
pounds that exert health-promoting effects through diverse biochemical, physiological,
and microbiota-mediated mechanisms. Major classes include polyphenols, bioactive pep-
tides, functional lipids, polysaccharides, and live or inactivated microorganisms and their
metabolites, commonly referred to as probiotics and postbiotics. Each class is characterized
by distinct molecular architectures, biological targets, and modes of action, resulting in
fundamentally different requirements for stability, delivery, and functional expression
within complex food systems [1,20] (Table 1).

Importantly, the efficacy of these bioactives cannot be attributed solely to their in-
trinsic chemical properties. Instead, functional performance emerges from the dynamic
interplay between molecular structure, food matrix composition, processing history, and
gastrointestinal fate. Low-molecular weight compounds such as polyphenols and lipid-
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soluble vitamins are particularly sensitive to oxidation, phase partitioning, and protein
binding, whereas higher-molecular weight polysaccharides and protein-derived peptides
derive their functionality from processing-dependent structural attributes such as molecu-
lar weight distribution, sequence integrity, and fermentability [4,20]. In contrast, probiotics
and postbiotics introduce an additional layer of complexity, as their efficacy depends
not only on chemical stability but also on microbial viability, metabolic activity, or the
preservation of structurally intact microbial components [21,22].

Table 1. Major classes of bioactive compounds in functional foods.

Bioactive Class Representative
Compounds

Primary Mechanisms
of Action Key Stability Challenges References

Polyphenols Flavonoids, phenolic acids Antioxidant signaling,
enzyme modulation Oxidation, protein binding [23–25]

Bioactive peptides ACE-inhibitory peptides Enzyme inhibition,
receptor interaction

Proteolysis, thermal
degradation [26,27]

Functional lipids EPA, DHA, phospholipids Anti-inflammatory,
membrane modulation Lipid oxidation [28,29]

Polysaccharides β-Glucans, pectins Microbiota modulation,
viscosity effects Depolymerization [30,31]

Probiotics/Postbiotics Lactobacillus, SCFAs Immune modulation, gut
barrier support Viability loss, metabolic drift [32–35]

Across all bioactive classes, processing and matrix effects act as central determinants
of functional relevance, influencing stability during manufacturing, release during diges-
tion, and interaction with host physiology or the gut microbiota. Thermal treatments,
mechanical forces, pH shifts, and emerging non-thermal technologies can either enhance
functionality by liberating active compounds or improving bioaccessibility, or compromise
efficacy through degradation, inactivation, or unfavorable chemical transformations [6,7].
Consequently, identical bioactive compounds may yield markedly different physiological
outcomes depending on formulation strategy, processing pathway, and food carrier.

Taken together, these observations underscore the necessity of conceptualizing func-
tional foods not as passive carriers of isolated bioactives, but as engineered systems in
which structure, composition, and processing interact to shape biological outcomes. Recog-
nizing both class-specific sensitivities and shared translational challenges among bioactives
provides a critical foundation for integrated functional food design and highlights the need
for early alignment of processing feasibility, safety assurance, and regulatory readiness to
bridge the gap between laboratory-scale bioactivity and real-world efficacy.

Polyphenols, including flavonoids, phenolic acids, and tannins, represent one of the
most extensively investigated classes of bioactive compounds due to their well-established
antioxidant, anti-inflammatory, and cardiometabolic effects. Beyond direct radical scav-
enging, polyphenols modulate a wide range of intracellular signaling pathways, inhibit
key metabolic enzymes, and engage in bidirectional interactions with the gut micro-
biota, thereby contributing to their physiological activity and interindividual variability in
response [36,37]. However, polyphenols are chemically reactive molecules that are highly
susceptible to oxidation, polymerization, and complexation with proteins and miner-
als during food processing, storage, and gastrointestinal digestion. These transforma-
tions can substantially alter their chemical form, stability, and release kinetics, often
leading to discrepancies between the measured in vitro bioactivity and in vivo efficacy
(Table 2).
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As a result, polyphenol functionality is strongly matrix-dependent, emerging from
the interplay between compound chemistry, food microstructure, and processing history.
Protein–polyphenol interactions may confer oxidative protection during processing while
simultaneously limiting immediate bioaccessibility, whereas processing-induced chemical
modifications can either attenuate or enhance biological activity depending on the specific
compound and matrix context. Taken together, protein binding and processing-driven
structural transformations represent critical determinants of polyphenol bioaccessibility
and physiological relevance, underscoring the need to integrate matrix engineering and
processing considerations into functional food design strategies [4,20,38].

Table 2. Major classes of polyphenols in functional foods.

Polyphenol
Class

Representative
Compounds

Major Dietary
Sources

Dominant
Mechanisms of Action

Key Matrix
Interactions

Processing
Sensitivity

Implications for
Bioaccessibility References

Flavonoids
Quercetin,
catechins,
anthocyanins

Fruits,
vegetables, tea,
cocoa

Redox signaling
modulation,
anti-inflammatory
pathways, endothelial
function

Protein binding,
fiber association

Heat- and
pH-sensitive

Protein binding
may protect but
delay release

[39–41]

Phenolic acids Caffeic, ferulic,
gallic acids

Coffee, whole
grains, fruits

Antioxidant activity,
enzyme inhibition

Weak protein
binding,
polysaccharide
interactions

Relatively
heat-stable

Moderate
bioavailability [41,42]

Tannins
Ellagitannins,
proanthocyani-
dins

Berries, nuts,
legumes, wine

Protein precipitation,
antimicrobial effects

Strong protein
and mineral
complexation

Oxidation- and
polymerization-
sensitive

Low
small-intestine
absorption

[43,44]

Stilbenes Resveratrol Grapes, red wine,
peanuts

SIRT1 activation,
anti-inflammatory
signaling

Lipid
partitioning

Light- and
heat-sensitive

Low intrinsic
bioavailability [45,46]

Lignans Secoisolariciresinol Flaxseed, whole
grains

Estrogenic modulation,
antioxidant effects Fiber entrapment Stable to moderate

processing

Microbiota-
dependent
bioavailability

[44,47]

Bioactive peptides, typically generated from food proteins through controlled enzy-
matic hydrolysis or fermentation, represent a distinctive class of functional food compo-
nents with demonstrated antihypertensive, immunomodulatory, and antioxidative effects.
These peptides exert their physiological actions primarily through highly specific amino
acid sequences that interact with cellular receptors or inhibit key enzymes, most notably
angiotensin-converting enzyme (ACE), thereby influencing blood pressure regulation and
inflammatory pathways. Unlike intact dietary proteins, the functional efficacy of bioactive
peptides is intrinsically sequence-dependent and critically influenced by processing history,
peptide length, and resistance to gastrointestinal proteolysis [48,49].

Processing conditions such as fermentation parameters, thermal treatment, and pH
can either promote the release of bioactive sequences or lead to over-hydrolysis and loss of
functionality. In addition, interactions with the surrounding food matrix, including binding
to proteins, lipids, and minerals, may provide protective effects during processing while
simultaneously modulating peptide release and absorption during digestion. Consequently,
the biological relevance of bioactive peptides emerges from a delicate balance between
peptide generation, structural preservation, and controlled gastrointestinal stability, under-
scoring the necessity of integrating processing and matrix considerations into early-stage
functional food design (Table 3) [48,50,51].

Functional lipids, including omega-3 polyunsaturated fatty acids, phospholipids, and
lipid-soluble vitamins, constitute a critical class of bioactive food components that influence
inflammatory signaling, membrane structure and function, and systemic metabolic regula-
tion. Unlike many hydrophilic bioactives, the physiological efficacy of functional lipids is
governed not only by their chemical composition but also by their physical organization
within the food matrix and their behavior during gastrointestinal digestion. Bioavailability
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is intrinsically linked to lipid digestion kinetics, emulsification state, and the efficiency of
mixed micelle formation, processes that are strongly influenced by food microstructure,
droplet size distribution, and interfacial composition [52–54].

Table 3. Major classes of bioactive peptides in functional foods.

Peptide Category Representative
Peptides

Primary
Protein
Sources

Dominant
Mechanisms
of Action

Key Matrix
Interactions

Processing &
Digestion
Sensitivity

Critical
Sequence
Features

Implications
for Functional
Efficacy

References

Antihypertensive
peptides
(ACE-inhibitory)

Ile-Pro-Pro,
Val-Pro-Pro

Milk (casein),
fermented
dairy

Inhibition of
angiotensin-
converting
enzyme (ACE)

Protein–
peptide
competition,
mineral
interactions

Sensitive to
excessive heat;
digestion-
resistant
motifs
required

Short chain
length,
hydrophobic
C-terminal
residues

Effective only
if peptides
survive GI
digestion

[55–57]

Immunomodulatory
peptides

β-
Casomorphins,
lactoferricin

Milk, whey,
egg proteins

Modulation of
cytokine
signaling,
immune cell
activation

Binding to
mucus and cell
membranes

Fermentation
enhances
release;
proteolysis
may inactivate

Amphipathic
structure,
cationic
residues

Matrix
protection
enhances local
gut activity

[49,55]

Antioxidant
peptides

His-, Tyr-,
Trp-rich
peptides

Fish, meat,
plant proteins

Metal
chelation,
radical
scavenging

Association
with lipids and
proteins

Sensitive to
oxidation and
over-
hydrolysis

Aromatic and
hydrophobic
residues

Activity
depends on
peptide
stability post-
processing

[58,59]

Opioid-like
peptides

β-
Casomorphin-7

Milk
(β-casein)

Interaction
with opioid
receptors

Strong protein
and fat
interactions

Released
during
digestion or
fermentation

Specific amino
acid motifs
(Tyr at
N-terminus)

Local gut
effects more
relevant than
systemic
absorption

[55,60]

Antimicrobial
peptides

Defensins,
lactoferrin
fragments

Milk, egg, fish
proteins

Disruption of
microbial
membranes

Binding to
bacterial
surfaces and
food
components

Sensitive to
thermal
denaturation

Cationic,
amphipathic
sequences

Effective
mainly at
food–microbe
interface

[59,61]

In addition, functional lipids are highly susceptible to oxidative degradation dur-
ing processing and storage, which can compromise both nutritional quality and sensory
acceptance while generating potentially harmful oxidation products. The incorporation
of lipid-soluble antioxidants, controlled oxygen exposure, and structural stabilization
through emulsion design have therefore emerged as critical strategies to preserve func-
tional integrity. Taken together, these considerations underscore the importance of matrix
engineering and oxidative stability management as central design principles for lipid-based
functional foods, particularly when translating laboratory-scale formulations to industrial
processing environments (Table 4) [62–64].
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Table 4. Major classes of functional lipids in functional foods.

Functional
Lipid Class

Representative
Compounds

Major Dietary
Sources

Dominant
Physiological
Functions

Key Matrix &
Structural
Interactions

Processing
Sensitivity

Digestive &
Absorption
Determinants

Implications for
Bioavailability References

Omega-3 fatty
acids EPA, DHA, ALA Fatty fish, algae,

flaxseed, walnuts

Anti-inflammatory
signaling,
cardiometabolic
regulation

Emulsification state;
lipid droplet size;
protein–lipid
interfaces

Highly prone to
oxidation; heat-
and
oxygen-sensitive

Lipase activity;
mixed micelle
formation

Bioavailability
enhanced in
well-emulsified,
antioxidant-
protected systems

[28,42,65]

Phospholipids Phosphatidylcholine,
phosphatidylserine

Egg yolk, soy
lecithin, dairy,
marine sources

Membrane structure,
cognitive and
metabolic functions

Self-assembly into
bilayers; interaction
with proteins

Moderate thermal
stability; oxidation
risk

Efficient
incorporation into
micelles

Generally high
bioavailability
compared to neutral
lipids

[66,67]

Lipid-soluble
vitamins Vitamins A, D, E, K Dairy, oils, eggs,

fortified foods

Gene regulation,
antioxidant defense,
bone health

Partitioning into
lipid phase;
carrier-dependent
stability

Sensitive to light,
heat, and oxidation

Dependence on
dietary fat for
absorption

Poor absorption in
low-fat matrices [68–70]

Structured lipids Medium–long chain
triacylglycerols

Designed oils, infant
formula

Improved lipid
metabolism,
targeted energy
delivery

Controlled
positional
distribution on
glycerol backbone

Processing-stable
but formulation-
sensitive

Rapid digestion
and absorption
kinetics

Enhanced metabolic
efficiency [71,72]

Bioactive lipid
mediators

Conjugated linoleic
acid (CLA)

Meat, dairy,
fermented products

Modulation of lipid
metabolism and
inflammation

Association with
milk fat globule
membrane

Isomerization
during heating

Micelle formation
efficiency varies
by isomer

Matrix composition
affects physiological
relevance

[73,74]
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Polysaccharides, including β-glucans, pectins, and resistant starches, represent a ma-
jor class of functional food components that primarily exert their health effects through
indirect, matrix-mediated mechanisms rather than direct systemic absorption. Their physi-
ological functionality is closely linked to the modulation of gut microbiota composition,
alteration of digesta viscosity, and regulation of nutrient diffusion and absorption along the
gastrointestinal tract. These effects are strongly governed by processing-sensitive physico-
chemical attributes such as molecular weight distribution, solubility, degree of branching,
and fermentability, all of which can be substantially modified during thermal treatment,
extrusion, and mechanical processing [17,75,76].

Changes in polysaccharide structure induced by processing can alter viscosity-
dependent outcomes such as glycemic response attenuation and cholesterol lowering
as well as microbiota-driven fermentation patterns and short-chain fatty acid produc-
tion. Consequently, the functional efficacy of polysaccharides is highly context-dependent,
emerging from the interplay between food structure, processing history, and colonic mi-
crobial metabolism rather than from intrinsic bioactivity alone. This strong dependence
on structure–function relationships underscores the necessity of integrating processing
considerations into the early design of polysaccharide-based functional foods to ensure
physiological relevance and translational robustness (Table 5) [77–79].

Table 5. Functional polysaccharides in functional foods: physicochemical properties, processing
sensitivity, and physiological relevance.

Polysaccharide
Class

Representative
Compounds

Major Dietary
Sources

Primary
Physiological
Functions

Key Physico-
chemical
Properties

Processing
Sensitivity

Microbiota &
Fermentation
Effects

Implications
for Functional
Performance

References

β-Glucans
Cereal and
fungal
β-glucans

Oats, barley,
mushrooms,
yeast

Cholesterol
reduction,
glycemic
control,
immune
modulation

Molecular
weight,
solubility,
viscosity

Depolymerization
during
extrusion and
thermal
processing

Selective
fermentation
to SCFAs

Physiological
efficacy
strongly
viscosity-
dependent

[80–82]

Pectins
High- and
low-methoxyl
pectins

Fruits (apple,
citrus)

Delayed
gastric
emptying,
lipid and
glucose
modulation

Degree of
esterification,
gel strength

Sensitive to
heat and pH;
demethoxyla-
tion

Fermented by
colonic
microbiota

Processing
alters
fermentability
and gel
functionality

[83–85]

Resistant
starches RS1–RS5

Cereals,
legumes,
cooked–cooled
starches

Improved
insulin
sensitivity,
colonic health

Crystallinity,
granular
architecture

Strongly
affected by
gelatinization
and
retrogradation

Preferential
butyrate
production

Thermal
history
determines
physiological
relevance

[86,87]

Inulin-type
fructans Inulin, FOS Chicory root,

onion, garlic

Prebiotic
effects, mineral
absorption

Chain length,
solubility

Hydrolysis
under
acidic/thermal
conditions

Rapid
fermentation
by
bifidobacteria

Excessive
fermentation
may cause GI
discomfort

[88,89]

Non-starch
polysaccha-
rides

Arabinoxylans,
cellulose

Whole grains,
vegetables

Bowel
function,
nutrient
diffusion
control

Insolubility,
particle size

Mechanical
disruption
alters
functionality

Limited
(cellulose) to
moderate
fermentation

[90,91]

Probiotics and postbiotics constitute a dynamic and rapidly evolving class of func-
tional food components in which physiological benefits may arise from live microorganisms,
inactivated microbial cells, or microbially derived metabolites. Their mechanisms of ac-
tion include the modulation of host immune responses, enhancement of intestinal barrier
function, and regulation of the gut microbial ecosystem through competitive exclusion
and microbial signaling pathways [21,92]. Unlike traditional low-molecular weight bioac-
tives, the functional efficacy of probiotics is intrinsically linked to strain-specific viability,
metabolic activity, and host–microbe interactions, rendering them particularly sensitive to
processing conditions and storage environments. Thermal treatments, dehydration, oxygen
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exposure, and matrix composition can substantially compromise microbial survival and
functional performance [93,94].

In contrast, postbiotics and paraprobiotics offer enhanced stability and formulation
robustness, as their bioactivity does not depend on microbial viability but rather on the
structural integrity and chemical stability of microbial components and metabolites. Nev-
ertheless, their functional effects remain processing-dependent, as excessive thermal or
oxidative stress may alter key bioactive molecules responsible for immune and barrier-
related outcomes [95]. Consequently, maintaining functional integrity across processing,
distribution, and shelf-life represents a major translational challenge for both probiotic- and
postbiotic-based functional foods, highlighting the importance of the early-stage integration
of processing, stability, and formulation considerations in product design (Table 6) [21].

Table 6. Probiotics and postbiotics in functional foods.

Category Representative
Examples

Primary
Sources/Formats

Dominant
Mechanisms
of Action

Key Matrix &
Environmental
Interactions

Processing &
Storage
Sensitivity

Stability/Viability
Determinants

Implications
for Functional
Efficacy

References

Probiotics (live
microorgan-
isms)

Lactobacillus,
Bifidobac-
terium

Fermented
dairy,
beverages,
supplements

Immune
modulation,
gut barrier
enhancement,
microbiota
balance

Sensitivity to
oxygen,
moisture, and
acidity;
interaction with
food matrix

Highly
sensitive to
heat, pressure,
and
dehydration

Viability during
processing and
shelf-life critical

Efficacy
depends on
delivery of
adequate
viable cell
counts

[96–98]

Paraprobiotics
(inactivated
cells)

Heat-killed
Lactobacillus
spp.

Thermally
treated
fermented
foods

Immune
signaling via
cell wall
components

Reduced
interaction with
matrix
compared to
live cells

More stable
than live
probiotics

Structural integrity
of microbial cells

Functional
effects
independent of
viability

[99,100]

Postbiotics
(microbial
metabolites)

Short-chain
fatty acids,
peptides,
exopolysac-
charides

Fermented
foods, cell-free
extracts

Immune
modulation,
anti-
inflammatory
signaling

Interaction with
proteins and
carbohydrates

Generally
stable to
processing

Chemical stability
of metabolites

Higher
formulation
robustness
than live cells

[21,101]

Synbiotics Probiotics +
prebiotics

Fortified foods,
supplements

Synergistic
modulation of
gut microbiota

Prebiotic matrix
supports
probiotic
survival

Stability
depends on
both
components

Balance between
viability and
fermentability

Improved
functional
persistence in
the gut

[102,103]

Dose–response relationships represent a critical yet often overlooked dimension of
functional food efficacy. Unlike pharmaceuticals, functional foods are consumed repeat-
edly at relatively low doses, and their effects may be cumulative, threshold-dependent, or
context-specific. Emerging evidence indicates that many bioactives exhibit non-linear dose–
response behaviors, influenced by saturation kinetics, adaptive physiological responses,
and microbiome-mediated metabolism [37,54,104,105]. Consequently, physiological rele-
vance must be evaluated within realistic consumption patterns and food matrices rather
than extrapolated from high-dose supplementation studies.

Food matrix effects become particularly evident when functional ingredients are in-
corporated into real food applications. In functional beverages, for example, polyphenols,
vitamins, and plant-derived bioactives may exhibit reduced stability due to oxidation
reactions and interactions with dissolved oxygen or beverage components, often requiring
stabilization strategies such as encapsulation or controlled pH adjustment. Dairy-based
systems provide another important example, as proteins such as casein and whey can inter-
act with polyphenols and other bioactive compounds, influencing both their bioavailability
and sensory characteristics. While these interactions may protect certain compounds from
degradation, they may also reduce their measurable antioxidant activity, depending on
the processing and storage conditions. Similarly, in extruded cereal or snack products,
high temperature, pressure, and shear forces during extrusion can significantly influence
the retention and functionality of added bioactive compounds. Although extrusion can
improve the digestibility of some ingredients and enable the uniform distribution of func-
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tional components, excessive thermal and mechanical stress may lead to the degradation of
heat-sensitive compounds. These examples illustrate that the functional performance of
bioactive ingredients is strongly dependent on the characteristics of the surrounding food
matrix and the processing technologies applied during product development.

3.2. Food Matrix Effects on Stability and Bioavailability

The food matrix plays a central role in determining whether a bioactive compound re-
mains functional from processing through digestion. Matrix–bioactive interactions govern
chemical stability, physical protection, release kinetics, and intestinal absorption. These
interactions are often synergistic or antagonistic, and cannot be predicted solely from the
properties of isolated compounds (Table 7).

Table 7. Influence of food matrix components on bioactive stability and bioavailability.

Matrix Component Interaction Mechanism Effect on Stability Effect on Bioavailability References

Proteins Binding, complexation Often increases May decrease release [106,107]
Lipids Partitioning, emulsification Variable Often increases [108,109]
Carbohydrates Viscosity, entrapment Increases Modulates absorption [110,111]
Water activity Reaction kinetics Controls degradation Indirect [112]
pH Ionization, solubility Compound-specific Strong influence [110,113]

Protein–bioactive interactions are particularly significant for polyphenols and bioac-
tive peptides, as proteins represent one of the most abundant and structurally versatile
components of food matrices. These interactions are predominantly non-covalent, involv-
ing hydrogen bonding, hydrophobic interactions, electrostatic forces, and, in some cases,
π–π stacking between aromatic residues and polyphenolic structures. Such associations
can substantially influence the physicochemical behavior of bioactives during processing,
storage, and digestion. In many systems, protein binding reduces the immediate bioacces-
sibility of polyphenols and peptides by limiting their diffusion and solubilization, while
simultaneously enhancing chemical stability by protecting reactive functional groups from
oxidation, hydrolysis, or polymerization [4,5].

Processing conditions further modulate the nature and strength of protein–bioactive
interactions. Thermal treatments, pH shifts, and mechanical shear can induce protein
denaturation or aggregation, exposing new binding sites or altering protein conformation,
thereby strengthening or weakening bioactive association. For example, heat-induced
unfolding of proteins may increase polyphenol binding capacity, enhancing retention
during processing but potentially reducing release during digestion. Conversely, enzymatic
hydrolysis or fermentation may disrupt protein networks and liberate bound bioactives,
increasing intestinal availability [4,114].

During gastrointestinal digestion, the fate of protein–bioactive complexes is governed
by proteolytic activity and matrix disintegration dynamics. While moderate binding can
provide a controlled-release effect, excessive complexation particularly involving high-
molecular-weight polyphenols or aggregated protein structures may hinder enzymatic
accessibility and delay or prevent bioactive release in the small intestine. In such cases,
bioactives may instead reach the colon, where they undergo microbial metabolism, shifting
their site and mechanism of action. This behavior highlights a fundamental trade-off
between protection and availability, in which enhanced stability during processing may
come at the expense of reduced systemic absorption [5,115].

Overall, protein–bioactive interactions exemplify the broader principle that func-
tional efficacy arises from matrix-mediated control rather than intrinsic compound activity
alone. Rational functional food design therefore requires the careful balancing of pro-
tein composition, processing conditions, and desired site of bioactive action to optimize
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both stability and physiological relevance. Recognizing and managing this trade-off is
essential for translating promising bioactive compounds into effective, food-based delivery
systems [4,20].

Lipid partitioning refers to the preferential distribution of hydrophobic bioactive
compounds between lipid and aqueous phases within a food matrix, a phenomenon
governed by compound polarity, solubility, and affinity for lipid domains. Hydrophobic
bioactives such as carotenoids and fat-soluble vitamins (A, D, E, and K) exhibit extremely
low water solubility and therefore localize predominantly within lipid droplets, lipid
bilayers, or interfacial regions rather than the aqueous continuous phase. This spatial
distribution plays a decisive role in determining their chemical stability, release behavior,
and ultimate bioavailability in complex food systems [4,20,116].

From a gastrointestinal perspective, lipid partitioning is critical because intestinal
absorption of hydrophobic bioactives depends on their incorporation into mixed micelles
generated during lipid digestion. Following ingestion, triglycerides within lipid droplets
are hydrolyzed by pancreatic lipase, producing free fatty acids and monoacylglycerols
that self-assemble with bile salts into mixed micelles. These micelles serve as essential
transport vehicles that solubilize hydrophobic bioactives, enabling their diffusion across
the aqueous intestinal lumen and subsequent uptake by enterocytes. Efficient partitioning
of bioactives into digestible lipid phases therefore enhances micelle loading and absorption
efficiency, whereas poor lipid association limits bioaccessibility and reduces physiological
efficacy [117–120].

Lipid partitioning effects are highly sensitive to food microstructure and processing
history. Emulsion droplet size, lipid phase composition, interfacial characteristics, and
crystallinity significantly influence digestion kinetics and micelle formation efficiency.
Finely dispersed, physically stable emulsions generally promote rapid lipid digestion
and the efficient transfer of bioactives into mixed micelles. In contrast, lipid coalescence,
creaming, or phase separation induced during processing or storage can disrupt digestion
dynamics and impair bioactive delivery [116,118].

In addition, lipid oxidation represents a major threat to functional performance. Oxida-
tive degradation of unsaturated lipids not only diminishes nutritional quality and sensory
attributes, but can also destabilize lipid–bioactive associations and generate reactive by-
products that compromise matrix integrity. Oxidation-driven changes at the lipid–water
interface may further reduce micelle formation efficiency, thereby limiting bioavailability
even when the total bioactive content remains unchanged [121,122].

To mitigate these effects, antioxidant strategies play a critical role in preserving lipid-
based functional food systems. Both endogenous antioxidants (e.g., tocopherols, polyphe-
nols, carotenoids) and added stabilizing agents are commonly incorporated to inhibit
oxidative chain reactions and protect sensitive bioactive compounds during processing
and storage. In addition, formulation strategies such as antioxidant co-delivery, interfacial
engineering, and encapsulation have been explored to enhance oxidative stability and
maintain functional efficacy in lipid-containing functional foods.

Taken together, these mechanisms underscore the importance of matrix engineering
strategies including controlled emulsification, droplet size optimization, antioxidant incor-
poration, and lipid phase stabilization in functional food design. Without the adequate
control of lipid partitioning behavior and oxidative stability, the health potential of hy-
drophobic bioactives may not be realized, despite their presence at nutritionally relevant
concentrations in the final product [53,123].

Encapsulation strategies, whether achieved through intrinsic food structures or delib-
erately engineered delivery systems, are increasingly employed to enhance the stability,
bioaccessibility, and controlled release of sensitive bioactive compounds. Natural encapsu-
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lation may arise from native food architectures such as lipid droplets, protein networks,
or cell wall matrices while engineered systems include emulsions, liposomes, biopolymer-
based micro- and nanoparticles, and multilayered delivery vehicles designed to protect
bioactives from chemical degradation and premature release. These approaches aim to
mitigate losses during processing, storage, and gastrointestinal transit while improving
functional efficacy [17,118].

Despite their potential, the effectiveness of encapsulation systems is highly depen-
dent on compatibility with the surrounding food matrix and resilience to processing
stresses. Thermal treatments, high shear forces, pressure, and pH fluctuations commonly
encountered during industrial manufacturing can destabilize encapsulating structures,
leading to premature release, insufficient crosslinking, or mismatches between encapsulant
and matrix components, which may result in structural failure under realistic processing
conditions [124,125].

Furthermore, encapsulation systems that perform well under laboratory conditions
may exhibit limited robustness when scaled up, as changes in mixing, heating, and flow
regimes can alter the particle size distribution, interfacial integrity, and release kinetics.
Poor integration of encapsulation strategies into the overall formulation and processing
pathway can therefore compromise functional performance rather than enhance it. These
challenges underscore the importance of designing encapsulation systems in concert with
matrix composition and processing technologies, rather than treating encapsulation as an
isolated technological add-on. A systems-based approach that considers structural stability,
process compatibility, and digestive behavior is essential for translating encapsulation-
based innovations into commercially viable functional foods [124].

Formulation variables such as pH, water activity, and fat content play a central role
in modulating food matrix effects and, consequently, the stability, bioaccessibility, and
physiological relevance of bioactive compounds. These parameters directly influence the
chemical reactivity, physical organization, microbial behavior, and digestive processes,
making them critical design levers in functional food development rather than secondary
formulation details (Section 4.4.1).

pH strongly affects the ionization state, solubility, and chemical stability of many
bioactives including polyphenols, peptides, and vitamins. Changes in pH can alter molecu-
lar conformation, promote hydrolysis or oxidation reactions, and modulate interactions
with proteins and polysaccharides. In addition, pH-driven structural changes in the food
matrix such as protein denaturation or polysaccharide gelation can indirectly influence
bioactive release and accessibility during digestion [4,125].

Water activity (aw) governs reaction kinetics and microbial stability by controlling
molecular mobility within the food matrix. Lower water activity can slow chemical degra-
dation pathways such as oxidation and enzymatic reactions, thereby enhancing shelf-life,
while higher water activity increases the risk of microbial growth and accelerates quality
loss. Importantly, water activity also influences matrix physical properties, including glass
transition behavior and phase separation, which can affect encapsulation integrity and
bioactive protection during storage [17,126].

Fat content and lipid phase organization further modulate matrix effects by determin-
ing the partitioning, protection, and digestive fate of hydrophobic bioactives. Adequate
lipid content is essential for the solubilization and intestinal absorption of fat-soluble com-
pounds through micelle formation, while insufficient or poorly structured lipid phases can
severely limit bioavailability. At the same time, increased fat content introduces challenges
related to lipid oxidation, emulsion stability, and sensory acceptance, highlighting the need
for balanced formulation strategies [20].
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These formulation variables are highly interdependent and must be optimized collec-
tively rather than in isolation to ensure consistent functional performance. Importantly,
matrix–bioactive interactions should not be viewed solely as passive constraints on func-
tional performance, but rather as designable parameters that can be intentionally manip-
ulated through formulation and processing choices. Advances in food microstructure
engineering, encapsulation strategies, and multiphase system design demonstrate that
stability, release kinetics, and digestive fate can be actively tuned when matrix architecture
is considered at the outset of product development. Conversely, failure to anticipate how
matrix structure evolves during processing and storage remains a leading cause of func-
tional performance loss during scale-up, underscoring the need for the early integration of
matrix design principles into functional food innovation.

Adjustments to pH can alter the water-binding capacity and lipid–protein interac-
tions; changes in water activity can influence lipid oxidation rates and microbial risk; and
modifications in fat content can affect pH buffering and moisture distribution. As a result,
optimizing functional food formulations requires a holistic, systems-level approach in
which pH, water activity, and lipid composition are tuned in concert rather than inde-
pendently. Failure to account for these interdependencies can lead to unintended losses
in functional performance, safety, or stability, particularly during scale-up and industrial
processing [17].

These findings demonstrate that functional efficacy emerges from the interplay be-
tween bioactive chemistry, food structure, and processing history. Ignoring matrix effects
during early-stage development risks overestimating biological performance and underesti-
mating translational barriers (Figure 1). Accordingly, functional food design must integrate
matrix engineering as a core element of product development rather than a secondary
formulation step.

Although numerous studies have investigated the incorporation of bioactive com-
pounds into food systems, the reported outcomes vary considerably depending on the
food matrix, processing conditions, and interactions between bioactive components and
other food constituents. For example, several studies have demonstrated that encap-
sulation techniques can improve the stability and bioavailability of sensitive bioactive
compounds during processing and storage. However, other investigations have reported
limited improvements when these systems are applied within complex food matrices
where protein–polyphenol interactions, lipid oxidation, or thermal degradation may reduce
functional efficacy. Similarly, while non-thermal processing technologies such as high
hydrostatic pressure (HHP) processing and pulsed electric fields (PEF) have been shown to
preserve bioactive compounds more effectively than conventional thermal treatments, their
effectiveness is highly dependent on processing parameters and matrix composition. These
variations highlight that functional performance cannot be generalized across different
food systems. Instead, the effectiveness of functional ingredients is strongly influenced
by matrix interactions, processing conditions, and storage environments. Consequently, a
critical gap remains in the literature regarding the systematic integration of matrix effects,
processing stability, safety considerations, and regulatory requirements when designing
functional foods for real-world applications. Taken together, these challenges highlight the
need for an integrated framework that can guide functional food development across these
interconnected domains.
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Figure 1. Matrix–bioactive-processing interactions in functional food systems.
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4. Processing Technologies and Their Impact on Functional Performance
Processing technologies play a decisive role in determining whether bioactive com-

pounds retain their functional relevance as foods transition from laboratory formulations
to industrially produced products. Beyond ensuring safety and shelf stability, processing
governs the structural organization of food matrices, the chemical integrity of bioactives,
and their behavior during digestion, thereby directly shaping bioaccessibility and physio-
logical efficacy. Importantly, processing effects are rarely uniform across bioactive classes;
rather, they depend on compound chemistry, matrix composition, and the intensity and
sequence of applied unit operations.

Conventional processing methods including thermal treatments, drying, and extru-
sion remain foundational to modern food manufacturing due to their proven effectiveness,
scalability, and regulatory acceptance. However, these technologies impose substantial
thermal and mechanical stresses that can both enhance and compromise functional per-
formance. Processing may improve functionality by inactivating antinutritional factors,
promoting bioactive release, or inducing favorable structural transformations. On the
other hand, excessive heat or shear can degrade heat-labile compounds, promote oxidation,
or disrupt delivery systems designed to protect bioactives. Understanding these dual
effects is therefore essential for designing functional foods that balance safety, stability,
and efficacy.

4.1. Conventional Processing Methods
4.1.1. Thermal Processing

Thermal processing methods such as pasteurization, sterilization, and baking are
widely employed to ensure microbiological safety and extend shelf life. These processes
induce profound changes in food structure through protein denaturation, starch gela-
tinization, lipid phase transitions, and moisture redistribution, all of which can modulate
bioactive stability and release. The impact of thermal treatment on functional performance
is highly compound-specific and matrix-dependent.

For heat-labile bioactives such as certain polyphenols, vitamins, and probiotics, ther-
mal exposure can result in oxidative degradation, isomerization, or loss of biological activity.
Conversely, moderate thermal treatments may enhance functionality by disrupting cell
walls, denaturing binding proteins, or liberating bound compounds, thereby increasing
bioaccessibility. In protein-rich systems, heat-induced unfolding can promote peptide
release during subsequent digestion, whereas excessive aggregation may reduce enzymatic
accessibility and impair bioactive liberation [6,16].

From a translational perspective, thermal processing represents a critical design con-
straint: functional foods must withstand legally required heat treatments while retaining
sufficient bioactivity to justify functional claims. This necessitates the careful selection
of processing intensity, heating profiles, and formulation strategies such as antioxidant
protection or matrix engineering to mitigate thermal damage without compromising
safety [118,127,128].

4.1.2. Drying and Extrusion

Drying and extrusion are commonly used in the production of shelf-stable functional
foods including cereals, snacks, powders, and protein ingredients. These processes com-
bine thermal input with intense mechanical shear and pressure, resulting in significant
modifications to molecular structure and matrix organization.

Drying techniques reduce water activity, thereby enhancing microbial stability and
slowing chemical degradation; however, dehydration can also accelerate oxidative reactions,
induce Maillard chemistry, and alter encapsulation systems. The extent of functional

https://doi.org/10.3390/app16062999

https://doi.org/10.3390/app16062999


Appl. Sci. 2026, 16, 2999 17 of 42

loss or preservation depends on the drying temperature, residence time, and oxygen
exposure, with gentle drying methods generally better suited for preserving sensitive
bioactives [129].

Extrusion processing exerts particularly strong effects on functional performance due
to its combined thermal–mechanical nature. High shear and pressure can depolymerize
polysaccharides, modify protein conformation, and alter lipid distribution, influencing vis-
cosity, fermentability, and digestibility. In some cases, extrusion enhances the physiological
relevance of dietary fibers and resistant starches by increasing fermentability or reducing
antinutritional factors. In others, it may degrade polyphenols or disrupt lipid-based de-
livery systems, underscoring the need for careful optimization of extrusion parameters in
functional food design [130,131].

Taken together, conventional processing methods illustrate the inherent trade-offs
between safety, stability, and functionality. Their widespread industrial use makes them
unavoidable in most food systems, reinforcing the importance of integrating processing
constraints early in functional food development. Rather than treating processing as a
post-formulation step, functional performance must be evaluated under realistic thermal
and mechanical conditions to ensure translational robustness.

4.2. Fermentation-Based Functionalization

Fermentation-based functionalization represents one of the most powerful and histor-
ically rooted strategies for enhancing the functional performance of foods. Through the
metabolic activity of microorganisms, fermentation can generate, transform, or stabilize
bioactive compounds while simultaneously modifying food structure, safety, and sensory
attributes. Unlike many conventional processing methods that primarily impose physical
or thermal stress, fermentation introduces a biochemical transformation layer, enabling the
targeted modulation of bioactive composition and bioavailability.

A central advantage of fermentation lies in its ability to liberate bioactive compounds
from complex matrices. Microbial enzymes such as proteases, glycosidases, and esterases
can release bound polyphenols, generate bioactive peptides from parent proteins, and alter
polysaccharide structures to enhance fermentability and physiological relevance. For exam-
ple, lactic acid bacteria-mediated proteolysis has been widely shown to produce peptides
with antihypertensive and immunomodulatory activity, while microbial hydrolysis of plant
cell wall components can increase polyphenol bioaccessibility [48,92].

Fermentation also contributes to functionalization through the in situ generation of
postbiotics including organic acids, short-chain fatty acids, bioactive peptides, exopolysac-
charides, and microbial cell wall components. These metabolites may exert health effects
independent of microbial viability, offering enhanced stability relative to live probiotics and
greater compatibility with downstream processing. As such, fermentation serves not only
as a preservation method but also as a biological processing tool for creating functional
ingredients within the food matrix itself [21,95].

From a matrix perspective, fermentation-induced changes in pH, redox potential, and
macromolecular organization strongly influence bioactive stability and release. Acidifica-
tion can improve mineral bioavailability, modulate protein–polyphenol interactions, and
alter lipid oxidation kinetics, while microbial exopolysaccharides may enhance viscosity
and barrier function. However, these same changes can also destabilize certain bioactives
or delivery systems if not carefully controlled, underscoring the need for strain selection
and process optimization tailored to the target functional outcome [10,17].

Despite its advantages, fermentation-based functionalization introduces unique trans-
lational challenges. Functional outcomes are highly strain-specific and sensitive to fermen-
tation parameters such as temperature, substrate composition, oxygen availability, and
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duration. Variability in microbial metabolism can lead to inconsistent bioactive profiles,
complicating standardization, scale-up, and regulatory compliance. In addition, the intro-
duction of live microorganisms or fermentation-derived metabolites necessitates a careful
safety assessment, including the control of biogenic amines, microbial contaminants, and
unintended metabolic by-products [92].

Consequently, the successful application of fermentation in functional food design
requires an integrated approach that aligns microbial ecology, processing control, matrix
compatibility, and intended health outcomes. When strategically implemented, fermen-
tation offers a versatile and biologically sophisticated pathway to enhance functional
performance while maintaining compatibility with conventional processing and regulatory
frameworks. This positions fermentation as a critical bridge between traditional food
processing and next-generation functional food innovation.

4.3. Emerging and Non-Thermal Processing Technologies

Emerging and non-thermal processing technologies have gained increasing attention
as promising alternatives or complements to conventional thermal treatments for functional
food development. Technologies such as HHP, PEF, ultrasound, and cold plasma aim to
ensure microbial safety and quality preservation while minimizing the thermal degra-
dation of heat-sensitive bioactive compounds. Beyond preservation, these technologies
can actively modify food structure and matrix–bioactive interactions, thereby influencing
bioaccessibility, digestive behavior, and functional performance.

4.3.1. High Hydrostatic Pressure Processing

HHP processing applies isostatic pressures typically ranging from 100 to 600 MPa
to inactivate microorganisms and enzymes with minimal temperature increase. From a
functional perspective, HHP can induce protein unfolding, membrane permeabilization,
and polysaccharide reorganization, leading to enhanced release or accessibility of bioactive
compounds. Studies have shown that HHP may increase the extractability and bioaccessi-
bility of polyphenols, improve protein digestibility, and preserve lipid-soluble vitamins
compared with conventional heat treatments [6,7,132,133].

However, pressure-induced structural changes are matrix-dependent and may also
promote aggregation or phase separation, particularly in protein-rich or multiphase systems.
In lipid-containing foods, pressure effects on emulsion stability and lipid oxidation must
be carefully managed to avoid compromising functional performance. As such, HHP is
best viewed as a structure-modifying technology whose functional outcomes depend on
formulation, pressure intensity, and holding time.

4.3.2. Pulsed Electric Fields

PEF involve the application of short, high-voltage pulses that permeabilize cell mem-
branes through electroporation. In liquid and semi-liquid foods, PEF can enhance microbial
inactivation while preserving sensory and nutritional quality. Importantly, electroporation
facilitates cell wall and membrane disruption, which can increase the release of intracellular
bioactives such as polyphenols, pigments, and enzymes, thereby enhancing bioaccessibility
without extensive thermal damage [6,134–136].

PEF have shown particular promise for plant-based functional foods, juices, and
fermented beverages, where improved mass transfer and extraction efficiency can be
achieved. Nevertheless, its effectiveness is limited by food conductivity, heterogeneity, and
scale-up challenges, and its impact on complex solid matrices remains less predictable.
From a translational standpoint, PEF offer targeted functional benefits but requires careful
alignment with product format and regulatory acceptance.
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4.3.3. Ultrasound Processing

Ultrasound processing relies on acoustic cavitation, generating localized high tem-
peratures, pressures, and shear forces that can disrupt cellular structures and modify
macromolecular assemblies. At controlled intensities, ultrasound can enhance the extrac-
tion of polyphenols, promote protein hydrolysis, and improve emulsification efficiency,
thereby indirectly supporting functional performance. When combined with enzymatic
or fermentation processes, ultrasound has been shown to accelerate bioactive release and
improve process efficiency [137–139].

However, excessive sonication may induce oxidation, degrade sensitive compounds, or
destabilize encapsulation systems. Consequently, ultrasound must be carefully optimized
to balance functional enhancement against potential chemical and structural damage. Its
greatest value often lies in hybrid processing strategies, where it complements mild thermal
or biological treatments.

4.3.4. Cold Plasma

Cold plasma is an emerging non-thermal technology that generates reactive species
(e.g., reactive oxygen and nitrogen species) at near-ambient temperatures. It has pri-
marily been explored for surface decontamination and shelf-life extension, but growing
evidence suggests that cold plasma can also modify bioactive compounds and food matri-
ces. Plasma-induced oxidation or depolymerization may alter polyphenol profiles, starch
structure, or protein functionality, with potential implications for bioaccessibility and
digestibility [6,20].

Despite its potential, cold plasma presents significant translational challenges, includ-
ing the control of reactive species, uniform treatment of complex foods, and avoidance
of undesirable chemical by-products. Regulatory uncertainty regarding plasma-induced
compounds further underscores the need for cautious, application-specific evaluation when
considering cold plasma for functional food design.

Emerging and non-thermal processing technologies offer powerful tools for tailoring
food structure and preserving bioactivity, but their functional benefits are highly context-
dependent. These technologies should not be viewed as universally superior alternatives
to conventional processing; rather, they represent design instruments whose successful
application requires integration with matrix composition, safety objectives, and regulatory
constraints. When strategically deployed, non-thermal technologies can enhance functional
performance while maintaining industrial feasibility, positioning them as key components
of next-generation functional food processing systems.

Table 8 is intended as a decision-support tool for early-stage functional food devel-
opment, enabling researchers and product developers to align bioactive selection with
appropriate processing strategies at the concept design phase. By mapping processing
categories to their structural effects, bioactive compatibility, safety implications, and regu-
latory readiness, the table facilitates the rapid identification of processing pathways that
are most likely to preserve or enhance functional performance while meeting industrial
and regulatory constraints. Rather than optimizing bioactivity in isolation, developers
can use this framework to anticipate trade-offs between stability, scalability, and efficacy,
thereby reducing the risk of late-stage reformulation or regulatory failure. In this context,
Table 8 supports a systems-based, translational approach to functional food design in which
processing feasibility, bioactive behavior, and commercialization potential are evaluated
concurrently rather than sequentially.

Non-thermal processing technologies such as HHP and PEF have attracted consider-
able attention as alternatives to conventional thermal treatments for preserving functional
food components while ensuring microbial safety. Compared with traditional heat treat-
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ments, these technologies generally allow for a better retention of heat-sensitive bioactive
compounds, vitamins, and sensory attributes. HHP, in particular, has been widely applied
in fruit juices, ready-to-eat foods, and seafood products due to its ability to inactivate
microorganisms while maintaining product quality. PEF, on the other hand, are particularly
suitable for liquid foods such as juices and plant-based beverages where short high-voltage
pulses disrupt microbial cell membranes without significant thermal damage. Despite
these advantages, the adoption of non-thermal technologies remains constrained by several
factors. HHP systems require substantial capital investment and are typically operated
in batch mode, which may limit throughput in large-scale operations. PEF technologies,
while promising for the continuous processing of liquid products, still face challenges
related to equipment costs, energy consumption, and limited applicability to solid or highly
heterogeneous food matrices. In addition, regulatory acceptance and validation require-
ments for novel processing technologies may vary across jurisdictions, potentially slowing
industrial implementation. Consequently, while non-thermal technologies offer signifi-
cant advantages in preserving functional compounds, their broader adoption depends on
continued technological optimization, economic feasibility, and regulatory harmonization
(Table 8).

4.4. Processing-Induced Changes in Bioactivity and Bioavailability

Food processing does not exert a uniformly negative or positive influence on bioactive
compounds; rather, it induces a spectrum of chemical, physical, and structural transfor-
mations that may either degrade bioactives or enhance their functional relevance. The net
effect of processing on bioactivity and bioavailability is therefore governed by the balance
between destructive reactions and structure-mediated activation mechanisms, both of
which are highly dependent on processing intensity, matrix composition, and the intrinsic
properties of the bioactive compound.

4.4.1. Degradation Versus Activation of Bioactives

Processing-induced degradation is most commonly associated with thermal expo-
sure, oxidative stress, and excessive mechanical shear, which can lead to chemical break-
down, isomerization, or the polymerization of sensitive bioactives. Heat-labile compounds
such as certain polyphenols, vitamins, and unsaturated lipids are particularly suscepti-
ble to oxidative degradation and thermal decomposition, resulting in reduced biological
activity and diminished nutritional value. Similarly, excessive processing may disrupt
encapsulation systems or denature bioactive peptides, impairing their sequence-specific
functionality [6,125].

Conversely, processing can also activate or enhance bioactivity by improving bioac-
cessibility, releasing bound compounds, or generating new bioactive entities. Thermal
softening of plant tissues, for example, may disrupt cell wall structures and liberate
polyphenols previously entrapped within insoluble matrices. Fermentation and enzy-
matic processing can generate bioactive peptides from parent proteins or convert com-
plex polysaccharides into more fermentable forms with enhanced physiological rele-
vance. In some cases, processing-induced chemical transformations yield metabolites with
greater biological activity or improved absorption compared to their native counterparts
(Figure 2) [48,92].
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Table 8. Comparative overview of processing technologies, functional impacts, and bioactive compatibility.

Processing
Category

Representative
Technologies

Primary
Functional
Advantages

Key
Structural/Matrix
Effects

Bioactive Classes
Best Supported

Major Risks to
Bioactivity

Safety &
Shelf-Life
Impact

Scalability &
Industrial
Maturity

Regulatory
Readiness References

Thermal
processing

Pasteurization,
sterilization,
baking

Strong microbial
inactivation;
release of some
bound bioactives

Protein
denaturation;
starch
gelatinization;
moisture
redistribution

Polysaccharides;
bioactive peptides
(via digestion);
some polyphenols

Thermal
degradation;
oxidation; loss
of heat-sensitive
compounds

High safety
assurance;
extended
shelf-life

Very high (long-
established
industrial use)

High (clear,
mature
regulatory
frameworks)

[140,141]

Fermentation-
based
functionaliza-
tion

Lactic acid
bacteria; yeast
fermentation

Generation of
bioactive peptides
and postbiotics;
enhanced
bioaccessibility

pH reduction;
enzymatic bio-
transformation;
EPS formation

Bioactive peptides;
polyphenols;
polysaccharides;
probi-
otics/postbiotics

Batch variability;
biogenic amines;
strain
inconsistency

Improved safety
if well
controlled

High but strain-
and process-
dependent

Moderate–high
(strain- and
claim-specific)

[142,143]

Emerging/non-
thermal
processing

HHP; PEF;
ultrasound; cold
plasma

Preservation of
heat-sensitive
bioactives;
structural
tailoring

Cell
permeabilization;
protein unfolding;
emulsion
modification

Polyphenols;
functional lipids;
probi-
otics/postbiotics

Oxidation;
matrix
destabilization if
misapplied

Good safety
with minimal
quality loss

Moderate
(capital-
intensive;
growing
adoption)

Moderate
(often
case-by-case
validation)

[144–147]
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This duality highlights the importance of distinguishing between the loss of chemical
integrity and loss of functional relevance. A reduction in measurable compound con-
centration does not necessarily equate to diminished physiological efficacy if processing
simultaneously enhances release, absorption, or site-specific activity. Accordingly, func-
tional food evaluation must move beyond compound retention metrics toward integrated
assessments of bioaccessibility and bioefficacy.

Figure 2. Degradation and activation pathways of bioactive compounds during food processing
and digestion.

4.4.2. Structure–Function Relationships Under Industrial Conditions

Processing-induced changes in bioactivity are intrinsically linked to alterations in
food structure across multiple length scales, from molecular interactions to macroscopic
organization. Protein denaturation, polysaccharide depolymerization, lipid phase reor-
ganization, and emulsion restructuring act together to reshape the food matrix, thereby
modulating bioactive–matrix interactions and digestive behavior. These structural mod-
ifications determine whether bioactives are protected, released, or rendered inaccessible
during gastrointestinal transit [4,132–134].

Under industrial conditions, structure–function relationships are further complicated
by process variability, scale-up effects, and sequential unit operations. Conditions opti-
mized at laboratory scale may not translate directly to commercial manufacturing, where
longer residence times, higher shear forces, and heterogeneous heating profiles can amplify
degradation pathways or alter matrix architecture. For example, extrusion and -HHP may
enhance the fermentability of dietary fibers and protein digestibility, while simultaneously
promoting aggregation or phase separation that limits bioactive release if not carefully
controlled [7,131].

Importantly, structure–function relationships are bioactive-class specific. Hydrophobic
compounds rely on lipid organization and emulsification state for absorption; peptides
depend on sequence integrity and controlled proteolysis; polysaccharides derive func-
tionality from molecular weight and fermentability; and microbial-derived components
require the preservation of cellular or molecular structures. Recognizing these class-specific
dependencies under realistic processing scenarios is essential for predicting functional
performance and avoiding late-stage product failure.

These observations reinforce that processing technologies are not neutral preserva-
tion tools but active determinants of functional performance. The selection of thermal,
fermentation-based, or non-thermal processing pathways should therefore be guided
by the targeted bioactive class, desired site of action, safety requirements, and reg-
ulatory constraints. Processing decisions made late in development frequently ne-
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cessitate reformulation or compromise functional claims, whereas early alignment be-
tween processing strategy and functional objectives enables more robust, scalable, and
regulatory-ready products.

5. Safety Considerations in Functional Food Design
5.1. Microbiological Safety Risks
5.1.1. Pathogen Control and Process Validation

In functional food systems, safety performance emerges from formulation and pro-
cessing design choices rather than from end-product testing alone. The incorporation
of bioactive-rich ingredients, live microorganisms, novel processing technologies, and
minimally processed matrices introduces dynamic risk profiles that evolve across pro-
cessing, storage, and distribution. Consequently, safety assurance must be embedded
within formulation and processing decisions from the earliest development stages, using
risk-based frameworks that account for microbiological, chemical, and physicochemical
hazards simultaneously [16].

When conventional thermal lethality steps are modified or replaced to preserve heat-
sensitive bioactives, alternative technologies such as HHP, PEF, or hurdle-based approaches
must be rigorously validated for target pathogens under worst-case conditions. Validation
must explicitly consider matrix composition, pH, water activity, fat content, and product
heterogeneity, all of which can influence microbial resistance and treatment efficacy [7,12].
Failure to account for these factors can result in uneven or insufficient microbial inactivation,
increasing the risk of foodborne illness despite apparent product quality.

Importantly, microbiological safety in functional foods is best achieved through
process-oriented preventive control systems, including hazard analysis and critical con-
trol point (HACCP)-based frameworks and preventive controls as defined under modern
food safety regulations. These systems must be adapted to accommodate novel ingre-
dients and processing technologies, ensuring that innovation does not outpace safety
assurance [54,148,149].

5.1.2. Fermentation-Associated Hazards

Fermentation-based functional foods introduce unique microbiological safety consid-
erations due to their reliance on microbial metabolism and dynamic biochemical environ-
ments. While controlled fermentation can enhance safety through acidification, compet-
itive exclusion, and metabolite production, deviations in fermentation parameters such
as temperature abuse, inadequate starter culture control, or substrate variability may
permit the proliferation of undesirable microorganisms or the accumulation of harmful
metabolites [92,150].

A key fermentation-associated hazard is the formation of biogenic amines, including
histamine, tyramine, and putrescine, resulting from amino acid decarboxylation by specific
microbial strains. These compounds may pose acute or chronic health risks and are not
reliably eliminated by post-fermentation processing. Their formation is strongly influenced
by strain selection, fermentation time, and raw material quality, underscoring the need for
strain-level control and monitoring [151,152].

The incorporation of probiotics further complicates microbiological risk management.
Although many probiotic strains have a long history of safe use, safety cannot be assumed
universally, particularly for novel strains, high-dose applications, or immunocompromised
consumer groups. Comprehensive strain identification, genomic characterization, and the
documentation of antimicrobial resistance profiles are therefore essential components of
probiotic safety assessment [21,153].
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Overall, microbiological safety in functional food design requires a holistic and proac-
tive control strategy that integrates validated processing steps, fermentation management,
strain selection, and continuous monitoring. Recognizing fermentation and minimal pro-
cessing as both functional enablers and potential risk modifiers is essential for developing
functional foods that are not only biologically effective but also consistently safe and
regulatory compliant.

5.2. Chemical and Process-Induced Hazards

In addition to microbiological risks, functional food design must address chemical and
process-induced hazards that may arise during manufacturing, storage, and distribution.
These hazards are particularly relevant for functional foods, as intensified processing, the
incorporation of unsaturated lipids, concentration of bioactives, and use of novel processing
technologies may unintentionally promote the formation of undesirable compounds or
alter chemical safety profiles.

5.2.1. Formation of Processing-Related Contaminants

Thermal and mechanical processing can induce the formation of process contaminants
including acrylamide, furan, heterocyclic amines, and advanced lipid oxidation products.
Acrylamide formation, driven by the Maillard reaction between reducing sugars and
asparagine, remains a concern in baked and extruded functional foods enriched with plant-
based ingredients. Strategies to preserve functional components such as mild processing or
reformulation do not inherently mitigate acrylamide risk and must therefore be explicitly
evaluated during product development [154,155].

Lipid-rich functional foods, particularly those fortified with omega-3 fatty acids or
other unsaturated lipids, are susceptible to primary and secondary oxidation products
including hydroperoxides, aldehydes, and ketones. These compounds not only compromise
sensory quality but may also exert cytotoxic or pro-inflammatory effects at elevated levels.
Importantly, oxidative degradation can proceed even under mild or non-thermal processing
conditions, particularly in emulsified systems with high interfacial area [125,156].

Emerging and non-thermal technologies introduce additional considerations. Cold
plasma and ultrasound, for example, generate reactive oxygen and nitrogen species that
may induce oxidative modifications in lipids, proteins, and polyphenols if not care-
fully controlled. While such effects may be limited under optimized conditions, they
underscore the need for chemical hazard assessment alongside functional performance
evaluation [157,158].

5.2.2. Interactions with Processing Aids and Packaging Materials

Functional bioactives may interact with processing aids, food contact materials, and
packaging systems, leading to altered stability or unintended chemical exposure. Antifoam-
ing agents, emulsifiers, and carrier solvents can influence the partitioning and reactivity of
bioactives, potentially accelerating degradation or modifying bioavailability. In lipid-based
systems, certain emulsifiers may increase oxygen diffusion at oil–water interfaces, thereby
enhancing oxidation rates [20,118].

Packaging materials represent an additional source of chemical risk. Migration of
plasticizers, stabilizers, or ink components from packaging into functional foods may be
enhanced in products containing lipophilic bioactives or ethanol-based matrices. More-
over, light-induced reactions in transparent packaging can accelerate the degradation of
photosensitive compounds such as carotenoids and vitamins. These interactions neces-
sitate packaging–formulation compatibility assessment as part of functional food safety
evaluation [12,159].
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5.3. Stability, Shelf-Life, and Quality Degradation

Ensuring that functional foods retain their intended efficacy, safety, and sensory quality
throughout their shelf life represents a major translational challenge. Bioactive degradation
during storage may occur through oxidative, enzymatic, or physicochemical pathways,
often in a matrix- and environment-dependent manner.

5.3.1. Oxidative, Enzymatic, and Physicochemical Changes During Storage

Oxidative degradation remains the dominant pathway affecting functional lipids,
polyphenols, and lipid-soluble vitamins, particularly in oxygen-permeable or light-exposed
systems. Enzymatic reactions, including residual lipase or polyphenol oxidase activity, may
further accelerate quality loss in minimally processed or fermented functional foods. In
parallel, physicochemical changes such as phase separation, moisture migration, crystal-
lization, or loss of encapsulation integrity can alter bioactive release and bioavailability
over time [20,126].

Importantly, loss of chemical stability does not always correlate with loss of functional
relevance. Certain degradation products may retain or even enhance biological activity,
while others may pose safety or sensory concerns. Consequently, shelf-life assessment for
functional foods must consider both chemical markers and functional endpoints, rather
than relying solely on traditional quality indices.

5.3.2. Predictive Shelf-Life Modeling

Given the complexity of functional food systems, predictive shelf-life modeling has
emerged as a valuable tool for anticipating stability and safety outcomes. Kinetic modeling
of oxidation, moisture sorption isotherms, and Arrhenius-based approaches allow for
the estimation of degradation rates under varying storage conditions. More recently,
multivariate and data-driven models incorporating formulation variables, processing
history, and environmental factors have been proposed to improve prediction accuracy for
complex matrices [160,161].

Integrating predictive models into early-stage functional food design enables the
proactive identification of stability bottlenecks and supports evidence-based decisions
regarding formulation optimization, packaging selection, and storage conditions. Such ap-
proaches are increasingly aligned with regulatory expectations for shelf-life substantiation
and risk-based product validation (Table 9).

Table 9. Chemical and stability-related hazards in functional food systems.

Hazard Category Representative
Examples Key Drivers Affected Bioactive Classes Mitigation Strategies References

Process contaminants Acrylamide, furan High temperature,
low moisture Polyphenol-rich plant foods Process optimization,

precursor control [162,163]

Oxidation products Aldehydes,
hydroperoxides

Oxygen, light, metal
ions Functional lipids, vitamins

Antioxidants,
oxygen-barrier
packaging

[164,165]

Packaging
interactions Plasticizer migration Lipophilicity, storage

time Lipid-soluble bioactives Material selection,
migration testing [166,167]

Storage instability Phase separation,
moisture migration

Water activity,
temperature Encapsulated bioactives Matrix engineering,

predictive modeling [110,126]

From a translational perspective, predictive shelf-life modeling serves not only as
a quality management tool but also as a critical enabler of functional claim substantia-
tion and regulatory readiness. By integrating formulation variables, processing history,
and storage conditions into predictive frameworks, developers can proactively identify
stability-limiting factors and design mitigation strategies prior to commercialization. Such
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approaches support evidence-based shelf-life determination, reduce uncertainty during
regulatory review, and enhance confidence in long-term functional performance.

6. Regulatory and Claim Readiness
Regulatory and claim readiness represents a decisive translational checkpoint in

functional food development, determining whether scientifically promising products can
successfully enter the market. A substantial proportion of functional food innovations fail
not because of insufficient bioactivity, but due to misalignment with ingredient classification
rules, authorization pathways, or permissible claims across jurisdictions. Recent literature
emphasizes that regulatory considerations must be integrated into product design from
the outset, as ingredient status, processing history, and intended claims jointly shape
development timelines, data requirements, and commercialization feasibility [1,17].

Importantly, regulatory frameworks governing functional foods are process- and
context-sensitive rather than purely composition-based. Identical bioactive compounds
may be subject to different regulatory requirements depending on whether they are derived
through conventional processing, fermentation, or emerging technologies, and whether
they are positioned as foods, food ingredients, or novel foods. As such, regulatory readiness
is inseparable from processing choice, matrix design, and safety strategy, reinforcing the
need for integrated, application-driven development frameworks.

6.1. Ingredient Classification and Regulatory Pathways
6.1.1. Conventional Foods Versus Novel Foods

A critical first step in regulatory readiness is determining whether a functional ingre-
dient or product qualifies as a conventional food or falls under the definition of a novel
food. In many jurisdictions, including the European Union, foods or ingredients without
a significant history of consumption prior to a defined cut-off date are classified as novel
foods and require pre-market authorization. This classification is influenced not only by
ingredient identity, but also by processing method, source material, and intended use, all
of which are central themes in contemporary functional food design literature [12,168].

Emerging processing technologies, fermentation-derived metabolites, and nano- or
micro-structured delivery systems frequently highlighted in recent functional food devel-
opment resources can inadvertently trigger novel food classification even when the parent
ingredients are well-established. Consequently, developers must assess novelty not only
at the ingredient level but also at the process–structure level, as structural modification
or altered bioavailability may change regulatory status. Early misclassification can re-
sult in substantial delays, unanticipated data requirements, or reformulation at advanced
development stages.

6.1.2. GRAS, Novel Food Approval, and Equivalent Pathways

In the United States, functional food ingredients may enter the market through the
Generally Recognized as Safe (GRAS) pathway, provided that there is consensus among
qualified experts regarding safety under the intended conditions of use. While GRAS
offers a comparatively flexible route, recent guidance and scholarly analyses empha-
size that GRAS determinations must be supported by robust safety data, particularly
for ingredients produced via novel processing technologies or used at elevated exposure
levels [149,169].

In contrast, the European Union’s novel food authorization process requires a central-
ized risk assessment conducted by the European Food Safety Authority (EFSA), with a
strong emphasis on compositional characterization, toxicological evaluation, and antici-
pated intake. Comparable pre-market approval systems exist in other regions, including
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Canada, Australia–New Zealand, and parts of Asia, each with jurisdiction-specific eviden-
tiary expectations. Although these pathways differ procedurally, they share a common
focus on safety, exposure, and technological justification, underscoring the value of harmo-
nized data generation strategies during early-stage development [12,168].

Recent functional food design literature increasingly advocates for regulatory pathway
mapping as an early design activity, enabling developers to select ingredients, processing
technologies, and formulation strategies that are compatible with the intended markets.
By aligning technological innovation with feasible regulatory routes, functional foods can
be positioned for smoother authorization and more credible claim substantiation, thereby
reducing translational risk and accelerating time to market.

6.2. Functional and Health Claims

The ability to make functional or health-related claims is a defining feature of func-
tional foods, yet it also represents one of the most challenging translational hurdles. Claim
substantiation requirements vary considerably across jurisdictions, but universally demand
that claimed benefits be supported by credible, reproducible, and product-specific evidence.
As emphasized in the recent functional food development literature, claim readiness must
therefore be addressed in parallel with ingredient selection, processing design, and safety
assessment, rather than treated as a final marketing consideration [1,169,170].

6.2.1. Evidence Requirements for Structure–Function and Health Claims

In the United States, functional foods commonly rely on structure–function claims,
which describe the role of a food or ingredient in supporting normal physiological func-
tions without implying disease prevention or treatment. While these claims do not require
pre-market approval, they must be truthful, not misleading, and substantiated by compe-
tent and reliable scientific evidence, typically encompassing mechanistic studies, human
intervention trials, and supporting observational data [171].

In contrast, the European Union applies a more centralized and stringent approach
to both function and health claims under Regulation (EC) No. 1924/2006 [172]. Claims
must be authorized following a comprehensive scientific assessment by the European
Food Safety Authority (EFSA), with a strong emphasis on human intervention studies
demonstrating a cause–effect relationship between consumption of the specific food or
ingredient and the claimed benefit. Importantly, evidence must reflect the final product
as consumed, including formulation, processing history, and matrix effects, rather than
isolated bioactive compounds [173].

Across jurisdictions, recent reviews highlight a growing expectation that claims be
supported by biologically plausible mechanisms, dose–response data, and consideration of
bioavailability. This evolution aligns closely with the systems-based perspective adopted
in functional food design, in which processing, matrix structure, and digestive fate are
recognized as critical determinants of physiological efficacy [16,17].

6.2.2. Claim Substantiation Challenges

Despite extensive scientific literature on bioactive compounds, claim substantiation
remains a major bottleneck due to several recurring challenges. First, many studies
demonstrating bioactivity are conducted using purified compounds or model systems
that do not adequately represent real food matrices. Second, variability in processing
conditions, storage stability, and consumption patterns complicates extrapolation from
experimental settings to market-ready products. Third, inter-individual variability in re-
sponse, particularly for microbiota-mediated effects, introduces uncertainty into efficacy
outcomes [1,21].
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These challenges underscore the importance of designing studies around the intended
food format and claim context. Increasingly, the functional food development literature
advocates for the early integration of claim strategy into product design, ensuring that
the generated evidence is directly applicable to regulatory evaluation and commercial
communication. Failure to do so often results in promising products that are scientifically
defensible yet legally unable to communicate their benefits to consumers.

6.3. Translational Barriers Across Jurisdictions
Comparison of Regulatory Expectations Across Major Markets

A persistent translational challenge in functional food innovation is the lack of global
harmonization in regulatory expectations governing ingredients, processing technologies,
and claims. While the underlying scientific principles of safety and efficacy are broadly
shared, their regulatory interpretation differs markedly across jurisdictions, including
the United States, the European Union, Canada, Australia–New Zealand, and several
Asian markets.

The United States adopts a comparatively flexible framework, allowing structure–
function claims and GRAS-based ingredient introduction, provided that the safety and
substantiation requirements are met. In contrast, the European Union applies a more
precautionary approach, requiring centralized authorization for novel foods and health
claims, with rigorous evidentiary thresholds. Other jurisdictions, such as Japan and China,
employ hybrid systems that combine pre-market approval with category-specific functional
food designations, further complicating international product alignment [1,12].

For developers, these differences translate into substantial strategic complexity. These
differences underscore why regulatory feasibility must be evaluated concurrently with
processing and formulation decisions. A formulation or claim strategy that is viable in
one market may be non-compliant or commercially impractical in another, necessitating
reformulation, claim modification, or parallel regulatory submissions. Recent functional
food design frameworks therefore emphasize the early integration of regulatory strategy
into product development pipelines, enabling simultaneous optimization of formulation,
processing, and market-specific compliance to ensure efficient global commercialization
and reduced risk of reformulation or regulatory delay [17].

From a systems perspective, translational success increasingly depends on aligning
processing feasibility, safety validation, and claim substantiation with the most restrictive
plausible regulatory environment. By designing functional foods to meet the highest ex-
pected regulatory standards, developers can reduce downstream uncertainty and improve
the likelihood of successful multi-market deployment.

7. Functional Food Readiness Framework
7.1. Conceptual Design and Rationale

Although functional foods have been the subject of extensive research, translation into
market-ready products remains inconsistent. Contemporary analyses of functional food
innovation increasingly recognize that bioactivity-driven discovery alone is insufficient to
ensure successful commercialization. Instead, failures frequently arise from the inadequate
consideration of processing robustness, safety assurance, and regulatory feasibility, factors
that are often addressed only after substantial R&D investment has already occurred [174].
Traditional functional food R&D pipelines typically follow a linear progression, begin-
ning with compound discovery and mechanistic validation, followed by formulation,
processing optimization, safety assessment, and finally regulatory evaluation. Multiple
design-oriented texts and innovation analyses now critique this approach, noting that the
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late-stage identification of processing incompatibilities or regulatory barriers leads to costly
reformulation or the abandonment of otherwise promising concepts [17,175,176].

In response, recent functional food scholarship advocates for integrated, readiness-
oriented development models, in which technological feasibility, safety, and regulatory
constraints are evaluated concurrently rather than sequentially. This systems-level per-
spective aligns with broader trends in sustainable food design, novel food innovation,
and risk-based regulation, all of which emphasize the early identification of translational
bottlenecks [174,177]. The Functional Food Readiness Framework (FFRF)proposed here
builds directly on this evolving paradigm. The proposed FFRF integrates technological
readiness, safety readiness, and regulatory readiness as three interdependent dimensions
guiding the successful translation of functional food innovations into commercially viable
products (Figure 3).

 
Figure 3. Functional Food Readiness Framework integrating technological, safety, and regulatory
readiness.

The framework illustrates the three key dimensions required for the successful trans-
lation of functional food innovations into commercial products. Technological readiness
reflects the feasibility and scalability of processing and formulation strategies, safety readi-
ness addresses microbial and chemical risk management, and regulatory readiness refers
to compliance with regulatory approval processes and the substantiation of functional
claims. The intersection of these dimensions represents the optimal state for the successful
commercialization of functional foods.
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7.2. Framework Components
7.2.1. Technological Readiness

Technological readiness reflects the degree to which a functional food concept
is compatible with realistic food processing environments and industrial scale-up.
Functional food design texts consistently demonstrate that processing intensity, shear
forces, thermal gradients, and storage conditions profoundly influence bioactive stabil-
ity and matrix behavior, often in ways that are not captured during laboratory-scale
experimentation [130,177].

From a readiness perspective, technological evaluation includes the assessment of:

• Processing tolerance of bioactives and delivery systems;
• Scalability of selected technologies;
• Robustness of matrix structure during storage and distribution.

Importantly, the process innovation literature cautions that reliance on highly special-
ized or capital-intensive technologies may limit commercial viability despite functional
advantages, reinforcing the need to balance innovation with manufacturability [7,174].

7.2.2. Safety Readiness

Safety readiness encompasses the proactive identification and control of microbiolog-
ical, chemical, and process-induced hazards across the functional food life cycle. Recent
food safety scholarship emphasizes that functional foods, particularly those incorporating
fermentation, minimal processing, or bioactive concentration, exhibit dynamic risk profiles
that cannot be adequately managed through end-product testing alone [12,177].

Books and reviews on functional food product development increasingly argue for
safety-by-design approaches, integrating hazard analysis into formulation and processing
decisions from the earliest stages. This includes anticipating oxidation pathways, biogenic
amine formation, packaging interactions, and shelf-life instability, particularly for bioactive-
rich systems [126,175].

Within the readiness framework, safety is treated as a gating criterion: concepts that
cannot demonstrate predictable and controllable safety profiles are deprioritized regardless
of demonstrated bioactivity.

7.2.3. Regulatory Readiness

Regulatory readiness addresses alignment with ingredient classification, authorization
pathways, and permissible claims in target markets. Recent functional food innovation liter-
ature consistently identifies regulatory uncertainty as a leading cause of translational failure,
particularly for products involving novel processing, fermentation-derived metabolites, or
advanced delivery systems [174,178–180].

Design-oriented frameworks increasingly emphasize early regulatory mapping to
avoid late-stage reclassification as novel foods or the rejection of intended claims. Regula-
tory readiness therefore requires early evaluation of:

• Ingredient novelty;
• Process-related regulatory implications;
• Evidence strength relative to claim ambition.

This perspective aligns with contemporary calls for regulatory-aware innovation,
in which scientific design and regulatory feasibility evolve in parallel rather than
sequentially [181,182].

https://doi.org/10.3390/app16062999

https://doi.org/10.3390/app16062999


Appl. Sci. 2026, 16, 2999 31 of 42

7.3. Practical Application of the Framework
7.3.1. Decision Checkpoints for Early-Stage Development

The Functional Food Readiness Framework is designed as a decision-support tool,
enabling structured evaluation at predefined development checkpoints. At each stage,
discrepancies between bioactivity potential and readiness indicators prompt targeted
redesign or early termination, preventing further investment in concepts unlikely to
translate successfully.

Such checkpoint-based innovation strategies are increasingly advocated in sustainable
food system design and novel food development as mechanisms to reduce resource waste
and accelerate viable innovation [183,184].

7.3.2. Go/No-Go Criteria for Scale-Up and Commercialization

At later stages, the framework supports go/no-go decisions by integrating techno-
logical robustness, safety predictability, and regulatory feasibility into a unified readiness
assessment. Products demonstrating balanced readiness across all domains are prioritized
for scale-up, while those exhibiting critical deficiencies are reformulated, repositioned,
or discontinued.

By reframing success around readiness rather than isolated bioactivity, the framework
provides a practical pathway for bridging the persistent gap between academic discovery
and real-world functional food deployment.

8. Case-Oriented Applications
Case-oriented analysis provides an effective bridge between conceptual frameworks

and real-world implementation, illustrating how functional food readiness principles
operate under practical constraints. Rather than offering isolated success stories, this
section highlights representative translational pathways, emphasizing how processing
choices, safety management, and regulatory alignment together determine outcomes. These
examples underscore that functional food success is rarely driven by bioactivity alone, but
by coordinated system-level design. Representative examples illustrating translational
successes and failures across fermented and pressure-treated functional food systems are
summarized in Table 10.

Table 10. Illustrative functional food cases and translational outcomes.

Case Type Functional Strategy Key Success Factors Common Failure Points References

Fermented beverages Probiotics, postbiotics,
polyphenol biotransformation

Fermentation control,
conservative claims

Alcohol drift, microbial
variability [143,185]

HHP-treated foods Bioactive retention, minimal
processing

Validated lethality,
matrix compatibility

Oxidation, over-stated
claims [186,187]

Bioactive juices Polyphenol enrichment Packaging and
shelf-life design

Light/oxygen
degradation [110,188]

8.1. Fermented Functional Beverages

Fermented functional beverages including kombucha, kefir-type drinks, and plant-
based probiotic beverages represent one of the most commercially active functional food
categories. Their appeal lies in the convergence of microbial functionality, bioactive gen-
eration, and consumer perception of “naturalness”. However, they also exemplify the
translational complexity inherent in functional food development.

Recent studies demonstrate that fermentation can enhance polyphenol bioaccessibility,
generate bioactive peptides, and produce postbiotic metabolites with immunomodulatory
and gut-health relevance [92,189]. From a technological readiness perspective, beverage
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matrices are well-suited to fermentation and cold-chain distribution, enabling relatively
rapid market entry. Nevertheless, safety readiness remains a critical bottleneck. Variability
in microbial composition, sugar content, and fermentation control has been associated with
inconsistent acidification, excessive alcohol formation, and the accumulation of biogenic
amines in poorly controlled systems [190,191].

Regulatory readiness further shapes success. In several jurisdictions, fermented bev-
erages have faced reformulation or relabeling due to unintended alcohol levels or un-
supported health claims. Products that successfully navigated these challenges typically
integrated strain selection, fermentation control, and conservative claim strategies early
in development, demonstrating the value of readiness-based decision making rather than
reactive compliance [177,192].

Lesson learned: Fermented beverages succeed when fermentation is treated as a con-
trolled bioprocess, not an artisanal variable, and when claims are aligned with achievable
and verifiable outcomes.

8.2. Pressure-Treated Bioactive Foods

HHP has emerged as a prominent example of a non-thermal technology enabling func-
tional food commercialization, particularly for bioactive-rich juices, purees, and refrigerated
ready-to-eat products. Numerous studies have reported the improved retention of heat-
sensitive vitamins, polyphenols, and pigments following HHP compared with conventional
thermal treatments, alongside effective microbial inactivation [132,133,193,194].

From a readiness standpoint, HHP illustrates both opportunity and constraint. Tech-
nological readiness is high for liquid and semi-solid foods, but more limited for het-
erogeneous or particulate systems. Safety readiness is generally strong, provided that
the pressure–time combinations are validated for target pathogens. However, chemi-
cal stability, particularly lipid oxidation and pressure-induced protein aggregation, has
emerged as a limiting factor in some formulations, requiring antioxidant strategies or matrix
reformulation [195].

Regulatory readiness has generally favored HHP, as it is widely recognized as an
established processing technology. Nonetheless, some translational failures have occurred
when products relied on HHP to justify aggressive health claims without adequate human
evidence. Successful cases demonstrate that processing innovation must be paired with
claim realism, not used as a surrogate for efficacy substantiation.

Lesson learned: HHP enhances functional potential when applied within its matrix
and claim limits, but does not eliminate the need for biological and regulatory validation.

8.3. Translational Failures and Successes: Cross-Case Insights

Across functional food categories, translational failures commonly share identifiable
patterns: late recognition of regulatory barriers, overreliance on in vitro bioactivity data,
insufficient process validation, or instability under realistic storage conditions. Conversely,
successful products consistently exhibit early alignment between formulation, processing,
safety, and claims, often supported by modest but well-designed human studies rather
than ambitious but unsubstantiated health promises [196–198].

Importantly, recent innovation analyses emphasize that failure itself can be infor-
mative when systematically evaluated. Case-based learning has been increasingly ad-
vocated as a tool for improving functional food design efficiency, reducing the du-
plication of unsuccessful strategies, and accelerating the adoption of readiness-based
frameworks [174,177].

Despite substantial advances in functional food science, significant research gaps
remain at the interface of bioactivity, processing, safety, and regulation. Addressing these
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gaps will require a shift from descriptive and retrospective evaluation toward predictive,
data-driven, and standardized approaches that support decision making early in product
development. The following perspectives outline key directions for advancing functional
food innovation beyond its current state.

9. Future Perspectives and Research Gaps
9.1. Integration of Predictive Modeling and Digital Tools

One of the most pressing research needs in functional food development is the sys-
tematic integration of predictive modeling and digital tools across the innovation pipeline.
While predictive models have long been used in food safety and shelf-life estimation, their
application to functional performance, bioactive stability, and processing–matrix interac-
tions remains fragmented. Recent advances in food systems modeling, machine learning,
and digital twins offer new opportunities to simulate how formulation variables, processing
conditions, and storage environments jointly influence functional outcomes [199,200].

Emerging studies suggest that data-driven models can support the early-stage screen-
ing of functional food concepts by predicting degradation kinetics, bioaccessibility trends,
and process-induced changes before pilot-scale testing. However, these approaches are
still underutilized in functional food research, in part due to the limited availability of har-
monized datasets and insufficient integration between food engineering, nutrition science,
and data analytics. Future research should prioritize the development of hybrid modeling
frameworks that combine mechanistic understanding with machine learning to improve
robustness, interpretability, and translational relevance.

9.2. Early Regulatory Engagement in Functional Food Design

Another critical gap lies in the timing of regulatory engagement during functional
food development. Regulatory considerations are still commonly addressed late in the
innovation process, often after formulation and processing decisions have been finalized.
Recent analyses in regulatory science and food innovation management emphasize that
this reactive approach contributes substantially to development delays, reformulation costs,
and abandoned products [201,202].

Future functional food research should therefore explore structured mechanisms for
early regulatory engagement including pre-submission consultations, regulatory science
collaborations, and scenario-based regulatory pathway mapping. Such approaches are
already gaining traction in pharmaceutical and medical device development and could be
adapted to functional foods, particularly those involving novel ingredients, fermentation-
derived metabolites, or emerging processing technologies. Embedding regulatory foresight
into functional food design would not only reduce translational risk but also encourage
evidence generation strategies that are aligned with authorization and claim substantiation
requirements from the outset.

9.3. Toward Standardized Readiness Metrics

A major limitation in current functional food research is the absence of standardized
metrics for assessing translational readiness. While bioactivity, antioxidant capacity, or
probiotic viability are frequently reported, these metrics alone provide limited insight into
a product’s feasibility for commercialization. In contrast, other innovation-intensive fields
have adopted technology readiness levels (TRLs) and related maturity frameworks to guide
development and investment decisions [203].

Adapting similar readiness concepts to functional foods represents a promising but
underexplored research direction. The FFRF proposed in this review offers an initial
step toward such standardization; however, future work is needed to define quantifiable
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indicators, scoring systems, and validation criteria that can be applied consistently across
product categories. Collaborative efforts involving academia, industry, and regulatory
bodies will be essential to ensure that readiness metrics are scientifically rigorous, practically
feasible, and internationally relevant.

9.4. Concluding Outlook

Taken together, these perspectives highlight a clear opportunity to reposition func-
tional food research toward predictive, regulatory-aware, and readiness-based innovation.
Advancing this agenda will require interdisciplinary collaboration, methodological stan-
dardization, and a willingness to move beyond traditional bioactivity-centric paradigms.
By addressing these gaps, the functional food field can more effectively translate scientific
discovery into products that are not only biologically meaningful, but also safe, stable, and
globally deployable.

10. Conclusions
The development of functional foods requires a comprehensive approach that in-

tegrates ingredient functionality, processing feasibility, safety assurance, and regulatory
compliance. While substantial progress has been made in identifying bioactive compounds
and evaluating their potential health benefits, translating these discoveries into commer-
cially viable products remains challenging due to the complex interactions among food
matrices, processing conditions, and regulatory requirements.

This review provides an integrative perspective on functional food development by
critically examining the roles of food matrix interactions, emerging processing technologies,
safety considerations, and regulatory frameworks. A key contribution of this work is the
proposed FFRF, which conceptualizes functional food innovation through the intercon-
nected dimensions of technological readiness, safety readiness, and regulatory readiness.
This framework offers a structured approach for evaluating the feasibility of functional
food products throughout the development pipeline.

From an industrial perspective, the framework can assist food manufacturers in
identifying technological constraints, optimizing processing strategies, and improving the
stability and efficacy of bioactive ingredients in complex food systems. At the regulatory
level, the framework highlights the importance of aligning product development with
safety assessment and regulatory approval pathways early in the innovation process.

Future research should focus on developing standardized evaluation tools that inte-
grate technological, safety, and regulatory indicators as well as on improving predictive
models for bioactive stability and functionality within diverse food matrices. Such efforts
will support the more efficient translation of functional food innovations from research
laboratories to market-ready products.
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