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Abstract

The incorporation of bioactive compounds into food products represents a promising
approach to enhance their functional and health-promoting properties. However, many
bioactive compounds, such as polyphenols, essential oils, carotenoids, and omega-3 fatty
acids, are highly sensitive to environmental factors, including temperature, oxygen, and
light, which limits their direct application in the food industry. Microencapsulation has
emerged as an innovative strategy to overcome these challenges by protecting bioactive
compounds, improving their stability, controlling their release, and masking undesirable
flavors or odors. This article reviews recent advances in microencapsulation techniques,
including spray-drying, freeze-drying, coacervation, and innovative methods such as
nanoencapsulation and electrospinning. Particular attention is given to the influence of en-
capsulated bioactive compounds on the physicochemical characteristics, texture, color, and
sensory attributes of various food matrices. Furthermore, the paper highlights industrial
perspectives, emphasizing the scalability of these techniques, regulatory considerations,
and their role in the development of clean-label, functional, and sustainable food products.
The findings underline the potential of microencapsulation as a key technology for the next
generation of functional foods, bridging consumer expectations with industrial feasibility.

Keywords: microencapsulation; bioactive compounds; functional foods; physicochemical
properties; sensory quality

1. Introduction

The concept of functional foods has gained increasing attention over the last two
decades, reflecting the growing consumer demand for products that provide not only
nutritional value but also additional health benefits. Functional foods are typically en-
riched with bioactive compounds such as polyphenols, carotenoids, omega-3 fatty acids,
essential oils, dietary fibers, or bioactive peptides. These compounds are associated with
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numerous health-promoting properties, including antioxidant, anti-inflammatory, antimi-
crobial, and cardioprotective effects [1,2]. In this review, the term “bioactive compounds”
also encompasses complex mixtures such as essential oils and living microorganisms like
probiotics, which exert their beneficial effects through the production or release of bioactive
metabolites. Their integration into everyday foods is therefore regarded as a promising
strategy to prevent diet-related chronic diseases and to promote overall well-being [3].

Despite their recognized benefits, the incorporation of bioactive compounds into
food matrices remains a major technological and sensory challenge. Many bioactives are
chemically unstable, being highly susceptible to environmental factors such as oxygen, light,
heat, and pH changes. For example, polyunsaturated fatty acids are prone to oxidation,
leading to the development of off-flavors, while polyphenols may undergo degradation
during processing and storage. In addition, several bioactive compounds have undesirable
sensory attributes, such as bitterness or astringency, which can negatively affect consumer
acceptance. Moreover, their limited solubility and low bioavailability in the gastrointestinal
tract further reduce their functional efficacy [4].

To address these limitations, microencapsulation techniques have emerged as powerful
tools to protect sensitive compounds, improve their stability, mask undesirable tastes, and
enable controlled release within the digestive system. Conventional methods such as spray-
drying and freeze-drying have long been applied, but recent research has highlighted the
potential of innovative approaches—including nanotechnology-based carriers, liposomes,
electrohydrodynamic processes, and biopolymer-based matrices—that may offer enhanced
functionality and scalability for the food industry [5].

The objective of this review is to provide a comprehensive overview of recent ad-
vances in microencapsulation techniques applied to bioactive compounds, with particular
emphasis on their impact on the physicochemical and sensory properties of food products.
The review also aims to discuss industrial applications and regulatory aspects, highlighting
both current opportunities and existing challenges. Given the rising consumer interest in
clean-label and natural food products, as well as the increasing demand for sustainable
solutions in food processing, this review seeks to clarify the role of innovative encapsula-
tion strategies in bridging the gap between scientific innovation and practical industrial
implementation [6].

2. Materials and Methods
2.1. Literature Search Strategy

A systematic literature search was conducted in three electronic databases: Scopus,
Web of Science, and PubMed. The search covered the period from January 2010 to June 2025,
as this timeframe reflects the rapid growth of innovative micro- and nanoencapsulation
techniques in food science.

The following combinations of keywords and Boolean operators were used:

e “microencapsulation” OR “nanoencapsulation” OR “encapsulation”

e AND “bioactive compounds” OR “functional ingredients”

e AND “food” OR “food products” OR “food applications”

e  Additional keywords applied depending on technique: “spray-drying”, “freeze-drying”,

i "o

“coacervation”, “liposome”, “solid lipid nanoparticles”, “nanostructured lipid carriers”,

s v

“electrospinning”, “3D printing”, “sensory”, “physicochemical properties”.

The search was restricted to peer-reviewed articles written in English. Reference lists
of included papers and relevant reviews were also screened to identify additional studies.
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Inclusion criteria:

e  Original research articles or reviews focusing on the encapsulation of bioactive com-
pounds for food applications.

e  Studies reporting at least one of the following parameters: encapsulation efficiency
(EE%), particle size/distribution, stability, physicochemical properties, sensory evalu-
ation, or industrial applicability.

e  Publications within the selected timeframe (2010-2025).

Exclusion criteria:

e  Conference abstracts without full text, patents, or book chapters.
e  Studies not related to food systems (e.g., pharmaceutical-only applications).
e  Articles lacking experimental or review data (e.g., purely conceptual papers).

2.2. Search Outcome and Study Selection

The initial database search yielded 1264 publications. After removal of duplicates
(n =247),1017 records were screened based on title and abstract. Of these, 242 articles were
selected for full-text evaluation. Following application of inclusion and exclusion criteria,
190 studies were included in the final synthesis presented in this review.

All stages of the search and selection process were conducted independently by
two researchers (A.Sz. and W.B.), following the principles of the PRISMA 2020 statement for
transparent reporting of literature reviews. Any discrepancies between the two researchers
were discussed and resolved through consensus with a third reviewer (A.St.).

3. Overview of Bioactive Compounds in Foods
3.1. Classification and Sources

Bioactive compounds are naturally occurring constituents in foods that exert beneficial
effects on human health beyond their basic nutritional role. They are structurally diverse
and can be broadly classified into several groups:

e  Polyphenols—including flavonoids, phenolic acids, tannins, and stilbenes. These are
widely present in fruits (berries, grapes, apples), dark-colored vegetables, tea, coffee,
cocoa, and red wine. They are recognized for their antioxidant, anti-inflammatory, and
cardioprotective activities [7].

e  Carotenoids—lipid-soluble pigments such as 3-carotene, lycopene, lutein, and zeax-
anthin, predominantly found in carrots, tomatoes, pumpkins, leafy green vegetables,
corn, and egg yolk. Carotenoids contribute to color development in foods and support
vision and immune health [8].

e Vitamins and minerals with bioactive functions—including vitamins C and E as
antioxidants, vitamin D for bone health, and trace minerals such as selenium and zinc,
which are cofactors in antioxidant enzymes.

e  Omega-3 fatty acids and other polyunsaturated fatty acids (PUFAs)—derived from
fish oils, algae, flaxseed, and chia seeds. They are essential for cardiovascular and
cognitive health, but are highly prone to oxidation.

e  Bioactive peptides and proteins—produced during digestion or food processing (e.g.,
casein-derived peptides, whey protein fractions, soy peptides). They may exert anti-
hypertensive, antimicrobial, or immunomodulatory effects [9].

e  Phytosterols and saponins—naturally present in cereals, legumes, and oilseeds, known
for their cholesterol-lowering properties.

e  Essential oils and volatile compounds—extracted from herbs and spices (oregano,
thyme, rosemary, mint). They exhibit antimicrobial and antioxidant activity and are of
interest as natural preservatives in foods [10].
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These bioactives are increasingly incorporated into functional foods and nutraceutical
products, either in their native form or as extracts, concentrates, or purified compounds.
Their wide availability from both plant and animal sources provides opportunities for
product innovation across multiple food categories.

3.2. Sensitivity to Environmental and Processing Conditions

While bioactive compounds hold great promise for improving food functionality and
human health, they are often chemically unstable and sensitive to environmental stresses.
Their degradation during processing, storage, and digestion significantly reduces their
efficacy. Key factors affecting stability include:

o  Temperature: Heat treatments such as pasteurization, sterilization, or baking can
degrade thermolabile compounds. For example, vitamin C and many polyphenols are
easily destroyed at high temperatures, while carotenoids may undergo isomerization
and loss of bioactivity [11].

e  Oxygen exposure: Oxidation is a major degradation pathway for PUFAs, carotenoids,
and essential oils, leading to rancidity, loss of nutritional value, development of
undesirable flavors, and surface discolorations [12].

e Light: Photodegradation affects compounds such as riboflavin, carotenoids, and
chlorophylls, altering both nutritional and sensory attributes of foods [13].

e pH and ionic strength: Acidic or alkaline environments can destabilize proteins,
polyphenols, and peptides, leading to hydrolysis or precipitation. This is particularly
important in beverages with low pH [14].

e  Moisture and water activity: High water activity promotes enzymatic and microbial
degradation, whereas excessive drying may alter the structural integrity of encapsu-
lated bioactives [15].

e Interactions with food matrices: Bioactives may bind to proteins, polysaccharides,
or lipids, reducing their solubility and bioavailability. For example, tannins form
insoluble complexes with proteins, affecting both bioefficacy and sensory properties
(e.g., astringency) [16-18].

These sensitivities highlight the necessity of protective strategies, such as microen-
capsulation, to retain the functionality of bioactives during food processing and shelf life.
Encapsulation not only enhances their physicochemical stability but also enables controlled
release and improved bioavailability upon consumption.

4. Principles of Microencapsulation
4.1. Definition and Mechanisms of Microencapsulation

Microencapsulation and nanoencapsulation techniques enable the protection and
controlled release of bioactive compounds by entrapping them within a coating material.
The size of the obtained capsules depends mainly on the encapsulation method and the
composition of the wall material. Microcapsules typically range from 1 to 1000 um, while
in food applications, their diameter most often falls between 10 and 500 pm. Nanocapsules,
on the other hand, are much smaller systems, usually within the range of 10 to 100 nm.
The primary aim of encapsulation is to isolate sensitive compounds from adverse environ-
mental conditions, improve their handling properties, and enable controlled release during
processing, storage, or digestion.

The process relies on different mechanisms, depending on the chosen technique:

e  Physical entrapment—bioactives are incorporated into a polymeric or lipid-based
matrix using techniques such as spray-drying or freeze-drying [19].

e  Coating or film formation—active ingredients are surrounded by a thin protective
layer through coacervation, interfacial polymerization, or extrusion [20].
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e  Molecular inclusion—compounds are entrapped at the molecular level, as in the case
of cyclodextrin inclusion complexes [21].

e  Self-assembly and nanostructure formation—lipid carriers, micelles, and liposomes
spontaneously organize to encapsulate hydrophilic or lipophilic molecules [22].

These mechanisms improve encapsulation efficiency, reduce chemical and physical
degradation, mask undesirable flavors or odors, and allow targeted or sustained release of
bioactive compounds within the gastrointestinal tract.

4.2. Wall Materials and Carriers

The choice of wall material is critical to the success of microencapsulation, as it
determines encapsulation efficiency, protection during processing, interaction with the food
matrix, and release properties. Ideal carriers should be food-grade, biodegradable, low-cost,
and capable of forming stable structures. They can be broadly categorized as follows:

4.2.1. Proteins

Proteins are widely used as encapsulating agents due to their amphiphilic nature,
gel-forming ability, and nutritional value. Commonly applied proteins include:

e  Milk proteins (casein, whey proteins)—effective emulsifiers, provide oxidative stability
and digestibility.

e  Gelatin—forms strong gels and is widely used in coacervation.

e  Plant proteins (soy protein isolate, pea protein, zein)—sustainable alternatives with
film-forming and emulsifying capacity [23,24].

4.2.2. Polysaccharides

Polysaccharides are predominantly hydrophilic, versatile, and capable of forming gels
or films. They are often combined with proteins to enhance structural stability. Exam-
ples include:

e  Starch and maltodextrin—inexpensive, commonly used in spray-drying; improve
solubility and bulk properties.

e  Gum Arabic—excellent emulsifier, stabilizes flavors and essential oils.

e Alginate, carrageenan, pectin—gel-forming, suitable for controlled release and protec-
tion under gastrointestinal conditions.

e  Chitosan—a cationic polymer with antimicrobial activity, useful for coating and na-
noencapsulation [25].

4.2.3. Lipids

Lipid-based carriers are especially suitable for lipophilic compounds, enabling high
protection against oxidation and improved bioavailability. Key systems include:

e  Lipid nanoparticles—solid lipid nanoparticles (SLN) and nanostructured lipid carriers
(NLCQ).

e  Liposomes—phospholipid bilayer vesicles encapsulating hydrophilic and hydropho-
bic compounds.

e  Waxes and fats—applied in spray-cooling or melt extrusion [22,26].

4.2.4. Hybrid Systems

Combinations of proteins, polysaccharides, and lipids are increasingly investigated to
exploit their complementary functional properties. Hybrid matrices can enhance encap-
sulation efficiency, provide better mechanical stability, and enable tunable release profiles.
For example:
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e  Protein—polysaccharide complexes (e.g., whey protein—pectin, soy protein-alginate)
have been shown to enhance emulsion stability, protect phenolic compounds, and
improve oxidative resistance of encapsulated bioactives in W/O/W emulsions [27,28].

e Lipid-biopolymer hybrid systems (e.g., liposomes coated with chitosan or alginate)
exhibit improved oxidative stability, encapsulation efficiency, and gastrointestinal
resistance compared to uncoated liposomes [26,29].

e  Ternary hybrid matrices combining proteins, polysaccharides, and lipids (e.g., whey
protein—pectin-lecithin or zein—chitosan-lipid nanoparticles) demonstrate synergistic
effects, providing enhanced barrier properties and controlled release behavior in food
systems [30].

Overall, the careful selection and combination of wall materials allow the design of
tailored encapsulation systems that balance physicochemical stability, sensory quality, and
industrial scalability.

5. Conventional Microencapsulation Techniques
5.1. Spray-Drying

Spray-drying is the most widely applied technique for the microencapsulation of
bioactive compounds in the food industry due to its scalability, low cost, and compatibility
with a broad range of wall materials. In this method, an emulsion or dispersion of the
active compound with a carrier material (typically maltodextrin, gum Arabic, whey protein,
or modified starch) is atomized into fine droplets and rapidly dried in a hot air stream.
The solvent (usually water) evaporates almost instantaneously, producing dry microcap-
sules [31]. Key advantages include high throughput, low production costs, and the ability
to generate free-flowing powders with good storage stability. However, the main draw-
back is thermal stress: heat-sensitive compounds such as vitamins, polyunsaturated fatty
acids, or essential oils may partially degrade during drying. Optimization of inlet/outlet
temperatures, droplet size, and carrier composition is therefore essential to minimize losses
and achieve high encapsulation efficiency [32,33].

5.2. Freeze-Drying

Freeze-drying (lyophilization) is a dehydration method that removes water by sub-
limation under low temperature and vacuum. This technique is particularly suitable
for thermo-labile bioactive components, such as probiotic microorganisms, enzymes, or
polyphenols. In the case of probiotics, the process helps to preserve cell viability and
functional activity by minimizing thermal and oxidative stress. Their beneficial effects in
food matrices are often associated with the production of bioactive metabolites, including
short-chain fatty acids, bacteriocins, exopolysaccharides, and peptides.

The process typically involves freezing the bioactive—carrier mixture, followed by
primary and secondary drying stages to remove ice and bound water [31]. The key advan-
tage of freeze-drying is the preservation of structural integrity and bioactivity of sensitive
compounds, since degradation by heat is avoided. The resulting microcapsules usually
exhibit porous structures with high rehydration capacity. Nonetheless, freeze-drying is an
energy-intensive and time-consuming process, which makes it relatively expensive and
less attractive for large-scale industrial applications compared to spray-drying. To improve
cost-effectiveness, freeze-drying is often applied in combination with other processes or
reserved for high-value products [34].

5.3. Coacervation and Complexation

Coacervation is a process of phase separation in which a colloidal solution separates
into a dense coacervate phase (rich in polymer) and a dilute equilibrium phase. Microen-
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capsulation through coacervation involves depositing the coacervate around the active
ingredient to form a coating. Two main types of coacervation can be distinguished:

e  Simple coacervation, induced by changes in pH, temperature, or the addition of a
desolvating agent (e.g., ethanol or salts).
e  Complex coacervation, formed through electrostatic interactions between oppositely
charged polymers (e.g., gelatin—gum Arabic, whey protein—pectin, chitosan—-alginate).
The technique enables the formation of microcapsules with well-defined walls and
controlled release properties. It is particularly effective for encapsulating flavors, essential
oils, and lipophilic compounds, as it provides strong protection against oxidation and
evaporation. However, coacervation systems are sensitive to environmental conditions
(pH, ionic strength) and may present challenges in industrial scaling due to their relatively
complex processing steps [35,36].

6. Innovative and Emerging Approaches
6.1. Nanoencapsulation

Nanoencapsulation refers to the entrapment of bioactive compounds within carriers
at the nanoscale, most commonly defined as structures with at least one external dimension
in the range of 1-100 nm. According to the European Food Safety Authority (EFSA)
Scientific Committee (2021), this size range is critical, as it confers unique physicochemical
and biological properties compared to larger-scale materials, including altered solubility,
stability, cellular uptake, and bioavailability [37].

It is important to distinguish between:

e Nanomaterials (1-100 nm): materials with one or more dimensions within the
nanoscale, which require specific safety assessment and regulatory consideration
in the food sector.

e  Submicron or colloidal systems (100-1000 nm): particles above the strict nanoscale
range but still below the micrometer level. These systems often exhibit functional ben-
efits similar to nanocarriers (e.g., improved dispersibility and protection of sensitive
bioactives), but should not be classified as “nano” for regulatory purposes.

In food applications, both nano- and submicron encapsulation strategies are used,
depending on the physicochemical nature of the bioactive compound, the encapsulating
material, and the intended functional outcome. Throughout this review, the term “na-
noencapsulation” will be reserved for carriers in the 1-100 nm range, while the broader
category (up to 1000 nm) will be described as “colloidal” or “submicron encapsulation”
when relevant [38].

6.2. Liposomes and Nanostructured Lipid Carriers

Liposomes are spherical vesicles composed of phospholipid bilayers that can encap-
sulate both hydrophilic (in their aqueous core) and lipophilic (within the lipid bilayer)
compounds. Their inherent biocompatibility, structural versatility, and resemblance to bio-
logical membranes make them highly attractive as carriers for functional food applications.
However, conventional liposomes often exhibit limited physical stability, are prone to aggre-
gation, fusion, and leakage of encapsulated bioactive compounds [39]. To overcome these
drawbacks, NLCs have been developed as second-generation lipid systems, combining
solid and liquid lipids to form stable nanocarriers with improved encapsulation efficiency
and loading capacity. NLCs are particularly promising for protecting polyunsaturated
fatty acids, fat-soluble vitamins, and essential oils against oxidation. Both liposomes and
NLCs are considered suitable for functional beverages, dairy products, and nutraceutical
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formulations, though their cost and technical complexity may limit widespread industrial
adoption at present [40].

6.3. Electrospinning and Electrospraying

Electrohydrodynamic techniques such as electrospinning and electrospraying are
emerging methods for producing nanofibers and nanoparticles containing bioactive com-
pounds. In electrospinning, a polymer solution is exposed to a high-voltage electric field,
creating ultrafine fibers that can encapsulate and immobilize bioactives within a porous
nanostructured matrix. Electrospraying operates under similar principles but generates
discrete nanospheres rather than continuous fibers.

These methods allow encapsulation of thermally sensitive compounds without expo-
sure to high temperatures, making them attractive alternatives to spray-drying. Moreover,
the resulting fibrous or particulate systems can provide sustained or triggered release
profiles, making them valuable for controlled delivery. Recent studies have demonstrated
their applicability in food processing. For instance, zein-based electrospun fibers have been
used to encapsulate proanthocyanidins, enhancing their antioxidant activity and stability
during storage [41]. Similarly, core—shell zein/pullulan nanofibers crosslinked by genipin
have been fabricated for the controlled release of bioactive compounds, showing promising
mechanical and barrier properties [42]. Carotenoids extracted from tomato peels were
successfully nanoencapsulated by electrospinning to improve their water solubility and
oxidative stability [43]. In addition, betalain—gelatin nanoparticles produced via coaxial
electrospraying exhibited strong antioxidant capacity and structural uniformity, highlight-
ing the potential of this technique for incorporating natural colorants and antioxidants into
functional foods [44].

Although promising, the scalability of electrospinning and electrospraying remains
a major limitation, as current production rates are low compared to conventional food
processing methods. Nevertheless, continuous advancements in multi-needle systems and
coaxial configurations are progressively improving their industrial feasibility [45].

6.4. 3D Printing and Novel Hybrid Methods

Three-dimensional (3D) food printing has recently emerged as a cutting-edge approach
for designing customized food products enriched with bioactive compounds. By precisely
depositing encapsulated bioactive carriers into defined geometries, 3D printing enables
tailored nutrient distribution, targeted release, and novel product designs. This technology
can be integrated with encapsulation strategies to protect sensitive compounds during the
printing process and to optimize their sensory properties [46]. Beyond 3D printing, novel
hybrid methods are being investigated that integrate multiple encapsulation strategies to
enhance efficiency. For instance, combining nano-emulsions with spray-drying can improve
scalability, while coating liposomes with biopolymers (e.g., chitosan) enhances their stability
and resistance to gastrointestinal conditions. These hybrid systems aim to overcome the
limitations of individual technologies, offering improved protection, controlled release,
and greater industrial feasibility [47,48].

Table 1 presents the comparison of selected microencapsulation techniques for bioac-
tive compounds in food.
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Table 1. Comparison of selected microencapsulation techniques for bioactive compounds in food.
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7. Encapsulation of Plant-Derived Bioactive Compounds

7.1. Polyphenols and Flavonoids

Polyphenols, including flavonoids, phenolic acids, tannins, and stilbenes, represent

one of the most extensively studied classes of plant-derived bioactives. They exhibit potent

antioxidant, anti-inflammatory, and antimicrobial properties and are strongly associated

with chronic disease prevention. However, their application in foods is limited by their

chemical instability (e.g., oxidation, enzymatic degradation) and low bioavailability due to

poor solubility and rapid metabolism [20]. Encapsulation strategies such as spray-drying

with maltodextrin or gum Arabic, nanoemulsions stabilized with proteins, and inclusion

complexes with cyclodextrins have been used to enhance polyphenol stability. For example,

encapsulation of green tea catechins in protein—polysaccharide matrices has improved
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retention during storage and processing, while microencapsulation of grape seed extracts
has reduced bitterness and improved incorporation into bakery products [72].

7.2. Carotenoids and Phytosterols

Carotenoids (e.g., B-carotene, lycopene, lutein, zeaxanthin) and phytosterols are valu-
able plant bioactives with strong antioxidant and health-promoting functions. Carotenoids
contribute to eye health and immune function, while phytosterols are effective in lowering
serum cholesterol. Their major limitation lies in their lipophilic nature, susceptibility to
oxidation, and sensitivity to light and heat [73]. Encapsulation using lipid-based carriers
such as liposomes, NLCs, or emulsions improves their solubility in aqueous systems and
protects them from degradation. Spray-drying with carbohydrate carriers (maltodextrin,
modified starch) has also been effective in producing carotenoid-rich powders for use in
beverages and dairy products. Novel nanoencapsulation systems further improve intestinal
absorption and bioavailability of these compounds [74,75].

7.3. Essential Oils and Alkaloids

Essential oils (e.g., thymol, carvacrol, eugenol, menthol) and alkaloids (e.g., caffeine,
theobromine, capsaicinoids) are of interest in food applications due to their antimicrobial,
antioxidant, and sensory properties. However, their high volatility, strong odor, and
sensitivity to oxidation make their direct incorporation into food matrices problematic [76].

Nevertheless, some food products are traditionally prepared with spices that naturally
contain these bioactive compounds. For example, dry-fermented sausages made with
dried paprika—which is particularly rich in capsaicinoids—demonstrate both antioxidant
and antimicrobial potential, highlighting how such ingredients can contribute to product
stability and characteristic flavor profiles in traditional formulations [77].

Microencapsulation through complex coacervation, spray-drying, and inclusion com-
plexes with cyclodextrins has been shown to reduce volatility and mask undesirable flavors.
Encapsulation also enables controlled release, which is particularly relevant for using
essential oils as natural preservatives in meat, dairy, and bakery products. In the case of
alkaloids, encapsulation can help reduce bitterness and improve consumer acceptance,
while still retaining their stimulant or bioactive properties [78,79].

7.4. Challenges in Encapsulation of Plant Bioactives

Despite significant progress, the encapsulation of plant-derived bioactives faces several
persistent challenges:

e  Oxidation: Polyphenols, carotenoids, and essential oils are highly prone to oxidative
degradation, leading to reduced efficacy and off-flavors [80].

e Light sensitivity: Carotenoids and certain polyphenols undergo photodegradation,
which limits their stability in transparent packaging and beverages [81].

e  Bitterness and astringency masking: Many polyphenols and alkaloids impart unde-
sirable sensory attributes. Encapsulation must not only protect bioactives but also
mitigate their impact on taste perception [82].

e  Matrix interactions: Encapsulated bioactives can interact with proteins, lipids, or
minerals in complex food systems, altering their release profile and efficacy [83].

e  Scalability and cost: Some advanced encapsulation methods remain difficult to apply
at an industrial scale, limiting their use to high-value functional products [84].

Addressing these challenges requires optimization of encapsulation materials and
techniques, along with innovative approaches that balance stability, sensory quality, and
economic feasibility [85].
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8. Encapsulation of Animal-Derived Bioactive Compounds
8.1. Bioactive Peptides and Proteins

Animal-derived peptides and proteins, particularly those obtained from milk (whey,
lactoferrin, and casein), collagen, and egg proteins, are recognized for their diverse health-
promoting effects, including antihypertensive, antioxidant, antimicrobial, and immunomod-
ulatory activities. These peptides are either naturally present or generated through enzy-
matic hydrolysis during digestion or food processing [86]. Encapsulation is increasingly
applied to improve the stability and targeted release of such bioactives. For example,
whey protein hydrolysates have been encapsulated in alginate—chitosan matrices to protect
peptides from premature degradation in the gastrointestinal tract. Similarly, collagen pep-
tides incorporated into liposomal systems or spray-dried protein-carbohydrate matrices
show enhanced bioavailability and improved functionality in nutraceutical formulations.
Casein, due to its amphiphilic structure and self-assembly properties, is also used both as a
bioactive compound and as a carrier material for co-encapsulation with other peptides or
vitamins [87].

8.2. Omega-3 Fatty Acids and Other Lipid-Based Compounds

Omega-3 fatty acids (eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)
from fish oil and marine sources are among the most widely studied lipid-based bioactives
of animal origin. They are essential for cardiovascular and neurological health but are highly
susceptible to oxidation, leading to rancidity and undesirable flavors. Other bioactive lipids,
such as conjugated linoleic acid (CLA), also share these stability issues [88].

Encapsulation in lipid-based carriers such as NLCs, SLNs, and liposomes has shown
strong potential to protect omega-3 fatty acids from oxidative degradation and to enhance
their incorporation into aqueous food systems. Spray-drying with wall materials such
as maltodextrin, gum Arabic, or whey protein concentrates is also frequently employed
to produce stable, free-flowing powders containing fish oil. Complex coacervation (e.g.,
gelatin—gum Arabic systems) has proven effective in protecting PUFA-rich oils in dairy and
bakery applications [89,90].

8.3. Enzymes and Vitamins

Enzymes of animal origin, such as lactase or proteases, are increasingly used in
functional foods to support digestive health or to improve processing efficiency. However,
enzymes are highly sensitive to temperature, pH, and proteolytic degradation, which
restricts their direct incorporation into food matrices. Encapsulation in biopolymer-based
hydrogels, alginate beads, or lipid vesicles can enhance enzyme stability and activity during
storage and targeted release in the gastrointestinal tract [91]. Vitamins of animal origin
(e.g., vitamin D from lanolin or fish oil, vitamin By, from dairy or fermentation sources)
are also prone to degradation when exposed to light, oxygen, or heat. Microencapsulation
with carbohydrate or protein carriers, as well as nanoencapsulation in lipid systems, has
been shown to significantly improve their stability and bioavailability [92-94]. For example,
encapsulated vitamin D3 can be more effectively delivered in fortified dairy and cereal
products [95].

8.4. Challenges in Encapsulation of Animal Bioactives

Despite encouraging progress, several challenges remain in the encapsulation of
animal-derived bioactive compounds:

e  Thermal degradation—enzymes, vitamins, and bioactive peptides are often sensitive
to heat treatments such as pasteurization, sterilization, or spray-drying, which can
reduce their bioactivity [91].
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e Oxidation of lipids—omega-3 fatty acids and other PUFAs are highly prone to ox-
idative rancidity, which requires efficient encapsulation systems and antioxidant
co-formulation [88].

e  Maintaining bioactivity—preserving the structural and functional integrity of proteins,
peptides, and enzymes during processing and storage is a key challenge [96].

e  Sensory issues—lipid-based bioactives such as fish oil may impart off-flavors if not
effectively protected, reducing consumer acceptance [97].

e  Scalability and cost—advanced encapsulation systems (e.g., NLCs, liposomes) are still
costly and technically demanding, limiting their routine industrial use [98].

Future research should focus on hybrid encapsulation systems, the use of natural
and sustainable wall materials, and process optimization to achieve both stability and
cost-effectiveness in large-scale food applications.

9. Impact of Microencapsulation on Food Properties
9.1. Physicochemical Stability

One of the primary purposes of microencapsulation is to enhance the physicochemical
stability of sensitive bioactive compounds during food processing and storage. Encapsula-
tion provides a protective barrier against oxygen, light, heat, and moisture, thereby reducing
chemical degradation. For example, encapsulation of PUFAs in protein—polysaccharide
matrices markedly decreases lipid oxidation and rancidity in dairy and bakery prod-
ucts. Similarly, encapsulated polyphenols and carotenoids exhibit higher retention during
pasteurization and long-term storage compared to their free counterparts [99]. Microencap-
sulation also improves solubility and dispersibility of poorly water-soluble compounds
such as carotenoids, phytosterols, and fat-soluble vitamins. Nanocarriers and emulsions in-
crease the surface area and enable better incorporation of lipophilic bioactives into aqueous
food systems. Controlled release mechanisms further protect compounds from premature
degradation in the gastrointestinal tract, enhancing their bioavailability and functional
efficacy [100].

9.2. Texture and Rheology

Encapsulated bioactives can influence the textural and rheological properties of food
products, depending on the type and concentration of carriers used. For instance, the
incorporation of microcapsules into dairy or bakery matrices may alter viscosity, gel
strength, and water-binding capacity. Encapsulation systems based on polysaccharides
such as alginate or pectin can increase gel firmness, whereas lipid-based carriers may
contribute to creaminess and improved mouthfeel [101]. At the nanoscale, encapsulated
particles often behave as stabilizers in emulsions and suspensions, improving colloidal
stability and preventing phase separation. However, excessive microcapsule loading may
negatively affect product texture, leading to graininess or undesired thickening. Thus,
careful optimization of particle size, wall material, and loading level is required to balance
functionality with sensory acceptance [102].

9.3. Color and Visual Attributes

The encapsulation of bioactive compounds can have a significant impact on the color
and overall visual quality of food products. For example, carotenoids and anthocyanins are
natural pigments that contribute to product color but are highly unstable when exposed
to light and oxygen. Encapsulation stabilizes these pigments, maintaining desirable color
intensity and preventing discoloration during storage [103]. In addition, encapsulation can
mask unwanted color changes caused by oxidation or degradation of sensitive compounds.
For instance, encapsulated omega-3 oils reduce the formation of yellowish or brownish
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tones associated with lipid oxidation in fortified dairy products. Conversely, the choice
of carrier material may also influence product appearance; protein-based microcapsules
may cause turbidity in clear beverages, requiring advanced nanocarriers for transparent
applications [104,105].

9.4. Sensory Quality and Flavor Release

Sensory quality is a critical determinant of consumer acceptance, and microencapsula-
tion directly influences flavor perception and release. Many bioactive compounds, such
as polyphenols, alkaloids, and fish oils, have undesirable sensory attributes (bitterness,
astringency, or off-flavors) that limit their direct use in foods. Encapsulation provides an
effective strategy to mask these undesirable characteristics, improving overall palatabil-
ity [106,107]. At the same time, controlled release of encapsulated flavors and essential
oils allows for tailored flavor delivery during consumption, enhancing sensory complexity
and product differentiation. For instance, encapsulated essential oils in confectionery or
chewing gum provide prolonged flavor perception, while encapsulated bitter polyphenols
can be gradually released in beverages without overwhelming taste receptors [82]. Never-
theless, ensuring balance is crucial: poorly designed encapsulation systems may delay or
restrict flavor release, reducing product appeal. Therefore, the selection of wall materials
and encapsulation techniques must account not only for chemical stability but also for
sensory performance in the target food application [108,109].

Table 2 presents suitability matrix of encapsulation techniques for different classes of
bioactive compounds.

Table 2. Suitability matrix of encapsulation techniques for different classes of bioactive compounds.

Bioactive

Compound Spray- Freeze- Coacervation Liposomes Nanoemulsions SLN NLC Electrospinnin; References
Drying Drying P 8
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PUFA, fish oil, 1 AEE" good stability, transparent HECE A [90,110-116]
w-3 industrial stable, but O“;wase o improved systems, high oxidative %apacity 8 limited to lab ’ .
scale, low cost costly seg aration bioavailabil- bioavailabil- stability stable . scale
ity ity
Vitamins (4, widely used, suitable for water-soluble,  vitamins E, D lipid-soluble vitamins A, E suitable for A [117-123]
D,E, Q) . o vitamin C and ~ PRETI) 3 P TS X
high EE% for heat-sensitive pH in lipid vitamins in in lipid unstable experimental
fat-soluble compounds dependent bilayers clear systems carriers vitamins
Polyphenols
(gren ea
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antho- powders compounds release Solublily delivery protecte: ty
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lcium) masking preserves release, 1 itabilit limited 1 1 ¢ d
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Legend: indicates suitability of the encapsulation technique for the given class of bioactive compounds. The
number of symbols reflects the relative applicability and efficiency of the technique: —suitable /commonly
applied at laboratory scale; —highly suitable/well-established with good encapsulation efficiency and
stability; —optimal technique/widely used at industrial scale with proven stability and functional-

ity. A indicates limited applicability or technical challenges (e.g., low encapsulation efficiency, high cost,
or instability).
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10. Industrial Applications and Perspectives

10.1. Case Studies in Different Food Categories
10.1.1. Beverages

The fortification of beverages with sensitive compounds such as polyphenols,
carotenoids, and omega-3 fatty acids is highly challenging due to solubility and stability
issues. Encapsulation technologies (e.g., nanoemulsions and cyclodextrin complexes) have
enabled the incorporation of bioactives into fruit juices, functional waters, and dairy-based
drinks while maintaining clarity, stability, and desirable sensory attributes. For example,
nanoencapsulated [3-carotene has been successfully applied in fruit juices, providing both
enhanced stability and improved bioavailability [143].

10.1.2. Dairy Products

Yogurts, cheeses, and milk beverages are common carriers for encapsulated bioactives,
owing to their favorable pH and fat content. Probiotics encapsulated in alginate or whey
protein matrices exhibit higher survival rates during storage and gastrointestinal transit.
Similarly, fish oil encapsulated via spray-drying or complex coacervation has been incor-
porated into milk powders and yogurts, reducing oxidative off-flavors while delivering
omega-3 fatty acids [144].

10.1.3. Bakery Products

The high processing temperatures in baking present a major challenge for bioactive
incorporation. Encapsulation of polyphenols, carotenoids, or essential oils in protective
carriers has improved their thermal stability during baking processes, enhancing antiox-
idant properties of bread, biscuits, and muffins. Microcapsules can also act as moisture
regulators, positively influencing product texture and shelf life [145].

10.1.4. Meat Products

Essential oils (oregano, rosemary, thyme) and plant extracts encapsulated in biopoly-
mer or lipid matrices are increasingly used in meat and poultry to extend shelf life by
reducing lipid oxidation and microbial growth. Encapsulated antioxidants and antimi-
crobials allow controlled release, ensuring gradual protection throughout storage and
distribution [84]. In addition to plant-derived bioactives, bioactive peptides obtained from
meat proteins have recently gained attention due to their antioxidant, antihypertensive,
and antimicrobial properties. These peptides can be incorporated into meat formulations
or used as natural preservatives to improve product stability and nutritional quality. More-
over, the encapsulation of bioactive peptides in suitable delivery systems can protect them
from degradation, enhance their bioavailability, and support their gradual release during
processing and storage [146]

10.1.5. Plant-Based Foods

The growing plant-based food sector provides significant opportunities for encap-
sulated bioactives. Polyphenols and phytosterols are added to plant-based beverages
and dairy alternatives to enhance nutritional and functional properties. Encapsulation
helps mask bitterness from plant-derived compounds and stabilizes lipophilic bioactives in
low-fat matrices [147].

10.2. Process Scalability and Economic Feasibility

Among encapsulation methods, spray-drying is currently the most industrially scal-
able and cost-effective, enabling high-throughput production of stable powders. Freeze-
drying offers superior protection but is less feasible for large-scale applications due to high
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energy consumption and costs. Emerging methods such as electrospinning or nanostruc-
tured lipid carriers show promising functionality but still face significant challenges in scal-
ability and industrial integration. Hybrid processes that combine nanoencapsulation with
conventional drying are being explored to balance performance and cost efficiency [31,148].
Economic feasibility also depends on the price of wall materials, energy requirements, and
compatibility with existing processing lines. For encapsulation technologies to be adopted
widely, they must demonstrate not only improved stability and sensory quality but also
cost-effectiveness compared to direct addition of bioactives [149,150].

10.3. Clean-Label and Sustainability Aspects

Consumers increasingly demand clean-label products made with natural, recognizable
ingredients and minimal synthetic additives. This trend drives the search for sustainable
and natural encapsulation materials such as plant proteins (pea, soy, zein), dietary fibers,
and polysaccharides (alginate, pectin, starch derivatives). The use of biodegradable and
renewable wall materials not only meets consumer expectations but also reduces the envi-
ronmental footprint of encapsulated products [151,152]. Sustainability also encompasses
energy efficiency and waste reduction. Innovations such as low-energy drying processes,
the valorization of agricultural by-products as encapsulation carriers, and circular economy
approaches contribute to greener encapsulation technologies [153,154].

10.4. Consumer Acceptance and Market Trends

The success of encapsulated bioactive compounds ultimately depends on consumer
acceptance. Encapsulation helps overcome negative sensory perceptions, such as bitterness
from polyphenols or fishy odors from omega-3 oils, which improves overall palatability and
marketability of functional foods. Transparency in labeling, clear communication of health
benefits, and alignment with consumer values (natural, sustainable, health-promoting) are
essential for widespread adoption [155,156]. Market trends indicate rapid growth in the
global functional food and nutraceutical sectors, with encapsulated bioactives playing a
central role. Demand is particularly strong in beverages, dairy, and plant-based products.
As consumer awareness of personalized nutrition increases, encapsulation technologies
are expected to support the development of tailored functional foods that deliver specific
health benefits to targeted populations [157,158].

11. Regulatory and Safety Considerations
11.1. GRAS Status and EFSA/FDA Perspectives

The regulatory evaluation of encapsulated bioactive compounds, particularly when
nano- or microstructured systems are involved, remains one of the key bottlenecks for
industrial implementation. In the United States, food additives and novel delivery sys-
tems are generally assessed under the Generally Recognized as Safe (GRAS) framework
administered by the Food and Drug Administration (FDA). GRAS designation requires
that the substance, including its carrier material, has been demonstrated to be safe under
the intended conditions of use, supported either by a history of common use in food or
by publicly available scientific evidence reviewed by qualified experts. For encapsulation
matrices, such as maltodextrins, gum Arabic, modified starches, or certain proteins, GRAS
status is already established. However, when encapsulation involves novel nanostructures
(e.g., nanoliposomes, nanocrystals, or polymeric nanoparticles), a case-by-case evaluation
is required, focusing on aspects such as particle size distribution, surface charge, solubility,
digestibility, and potential accumulation in tissues [159-162].

In the European Union, novel micro- and nanoencapsulation systems fall under the
remit of the EFSA. EFSA defines nanomaterials as engineered structures with one or more
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external dimensions in the size range of 1-100 nm, though materials outside this range may
still be considered if they exhibit nano-specific properties. According to the EFSA Guidance
on the risk assessment of nanomaterials in the food and feed chain (2021), safety dossiers
must include:

detailed physicochemical characterization of the encapsulated material and its carriers,
validated methods for size distribution and solubility,
in vitro degradation/digestion profiles,

toxicological studies covering absorption, distribution, metabolism, and excretion
(ADME).

Unlike the GRAS concept, the EFSA evaluation is centrally coordinated and requires a
full pre-market authorization for any novel encapsulating material not already included
on the Union list of approved food additives. Importantly, nanoencapsulation is not
automatically excluded from approval, but safety demonstration is stringent and data-
intensive, especially for persistent or non-biodegradable carriers [37,163,164].

11.2. Labeling and Consumer Communication

From a consumer perspective, transparency in labelling and communication is es-
sential to maintain trust and foster acceptance of foods containing encapsulated bioactive
compounds. In the EU, Regulation (EU) No 1169/2011 on food information to consumers
requires that engineered nanomaterials used as ingredients must be explicitly indicated
in the ingredient list, with the word “nano” in brackets following the substance name
(e.g., silicon dioxide [nano]). This ensures that consumers are informed of the presence of
nanoscale structures, though it may simultaneously raise concerns if not properly contextu-
alized [165,166].

In the U.S,, labelling of encapsulated ingredients is less prescriptive. FDA does not
mandate a special “nano” designation, but companies are expected to provide truthful and
non-misleading information under the Federal Food, Drug, and Cosmetic Act. Voluntary
communication strategies, such as clear descriptions of functional benefits (e.g., improved
stability, reduced dosage, or controlled release), are recommended to enhance consumer
understanding [162,167].

Consumer studies consistently show a mixed perception of nanotechnology in food:
while acceptance is higher for clear health benefits (e.g., improved nutrient bioavailability,
reduced use of synthetic preservatives), scepticism arises when the technology is perceived
as artificial, hidden, or poorly regulated. Therefore, industry—consumer communication
should focus on:

e emphasizing safety assessments and regulatory approvals,

e  highlighting tangible consumer benefits (taste preservation, nutrient stability, reduced
additives),

e  ensuring transparent terminology that avoids over-technical jargon but conveys the
functional role of encapsulation.

Proactive communication and responsible labelling practices are therefore crucial not
only for compliance but also for fostering public confidence in the adoption of innovative
encapsulation technologies [168-172].

12. Future Directions in Microencapsulation Research
12.1. Personalized Nutrition and Targeted Delivery

The future of microencapsulation in food systems will increasingly be shaped by the
demand for personalized nutrition. Advances in nutrigenomics and metabolomics are
generating knowledge on how individuals respond differently to bioactive compounds,
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depending on genetic background, gut microbiota composition, age, and lifestyle. Mi-
croencapsulation offers a powerful tool to deliver bioactives in a targeted and controlled
manner, aligning with personalized health needs [165,173,174]. Emerging research is focus-
ing on site-specific release systems, where encapsulated compounds are designed to resist
degradation in the upper gastrointestinal tract and release their payload in the colon, small
intestine, or even in response to pH and enzymatic triggers. For example, encapsulation
of probiotics in resistant polysaccharide matrices or lipid-based nanocarriers can improve
their survival until they reach the target intestinal niche. Similarly, encapsulated polyphe-
nols or omega-3 fatty acids can be formulated to match personalized dosage requirements,
potentially guided by digital health platforms and dietary apps. This integration of encap-
sulation technology with precise health data represents a paradigm shift in functional food
development [175-177].

12.2. Smart Packaging and Active Coatings

Another frontier in encapsulation research is its integration into smart packaging
and active coatings. Encapsulated bioactives, such as antioxidants, antimicrobials, or
natural colorants, can be incorporated into edible films, coatings, or packaging materials
to extend shelf-life and improve food safety. Encapsulation enhances the stability and
controlled release of these compounds, ensuring that they remain inactive during storage
but are released under specific triggers (e.g., moisture, temperature changes, microbial
growth) [178-181]. Recent innovations include stimuli-responsive microcapsules embedded
in biodegradable films that release natural preservatives only when microbial activity is
detected, or colorimetric indicators that change appearance in response to oxygen levels or
pH shifts. Such smart systems not only protect food but also provide real-time feedback to
consumers regarding freshness and safety. Integrating encapsulation with active packaging
therefore addresses both food waste reduction and consumer trust, aligning with circular
economy goals [182-186].

12.3. Synergies with Biotechnology and Green Processing

The adoption of biotechnology and sustainable processing strategies is expected to
play a central role in the next generation of encapsulation systems. Encapsulation materi-
als increasingly derive from renewable biopolymers such as alginates, pectins, cellulose
derivatives, or proteins obtained through microbial fermentation. These natural carriers not
only ensure safety and consumer acceptance but also support sustainability targets [187].
Additionally, green encapsulation processes are gaining momentum. Techniques such as
supercritical CO, drying, ultrasound-assisted encapsulation, or enzymatically catalyzed
cross-linking minimize the use of organic solvents. Biotechnological tools are also opening
new avenues: engineered microorganisms can produce tailored encapsulation matrices,
while synthetic biology may allow the design of carrier molecules with programmable
release properties [188,189]. The integration of encapsulation with bioprocessing is par-
ticularly promising in the valorization of agri-food by-products. Plant residues, fibers,
and protein fractions from food waste streams can be converted into functional wall
materials, supporting both the circular bioeconomy and the scalability of encapsulation
technology [174,190].

13. Conclusions

Microencapsulation has emerged as a pivotal technology for stabilizing and deliv-
ering bioactive compounds in food systems, offering protection against environmental
stresses, controlled release, and improved sensory acceptance. Conventional approaches
such as spray-drying and freeze-drying have enabled industrial-scale applications, while
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emerging techniques including liposomes, nanostructured carriers, and electrospinning are
expanding the scope of possibilities for sensitive and multifunctional bioactives.

The evidence reviewed in this article highlights three key outcomes. First, encapsula-
tion substantially improves the physicochemical stability of diverse bioactives—ranging
from polyphenols and carotenoids to omega-3 fatty acids and probiotics—ensuring their
functionality throughout processing, storage, and digestion. Second, encapsulation strate-
gies can be tailored to maintain or improve sensory quality, limiting negative attributes
such as bitterness, oxidation notes, or color loss, while enabling novel product designs.
Third, despite clear technological advances, regulatory and consumer acceptance challenges
remain critical: nanoencapsulation, in particular, demands rigorous safety evaluations,
transparent labelling, and effective communication of benefits to the public.

Looking forward, the integration of microencapsulation with personalized nutrition
platforms, smart packaging solutions, and green bioprocessing strategies will define the
next generation of applications. Continued interdisciplinary research—bridging food
technology, materials science, biotechnology, and regulatory sciences—is required to op-
timize carrier systems, validate in vivo bioavailability, and ensure sustainable and safe
implementation at industrial scale.
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Abbreviation Full name

ADME Absorption, distribution, metabolism, and excretion
CLA Conjugated linoleic acid

DHA Docosahexaenoic acid

EE% Encapsulation efficiency

EFSA European Food Safety Authority
EPA Eicosapentaenoic acid

FDA Food and Drug Administration
GRAS Generally Recognized as Safe
NLC Nanostructured lipid carriers
PUFA Polyunsaturated fatty acids

SLN Solid lipid nanoparticles
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