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The poultry industry is increasingly seeking nutritional strategies that enhance
productivity, support intestinal health, and reduce reliance on antibiotic growth
promoters. However, many functional feed additives, including vitamins, organic
acids, essential oils, probiotics, enzymes, and trace minerals, are susceptible to
degradation during feed processing, storage, and gastrointestinal transit, which can
limit their stability, bioavailability, and biological efficacy. Encapsulation
technologies have emerged as effective delivery approaches to address these
limitations by protecting bioactive compounds and enabling controlled or site-
specific release within the digestive tract. This literature review summarizes recent
advances in encapsulation-based delivery systems for poultry nutrition, with
emphasis on microencapsulation, nanoemulsions, spray-dried formulations, and
controlled-release platforms. Available evidence suggests that encapsulated feed
additives can improve nutrient stability, enhance intestinal availability, support
epithelial barrier integrity, modulate gut microbiota, and contribute to improved
growth performance and feed efficiency. Encapsulated phytogenics, organic acids,
probiotics, enzymes, and nano-formulated minerals also show potential as
components of antibiotic-reduction strategies in modern poultry production.
Nevertheless, challenges related to manufacturing scalability, cost-effectiveness,
regulatory approval, formulation standardization, and long-term safety remain
important barriers to wider commercial adoption. Future research should focus on
optimizing carrier materials, improving release precision, validating efficacy under
commercial production conditions, and integrating encapsulation technologies
with precision nutrition strategies. Overall, encapsulation represents a promising
approach for improving the efficacy of functional feed additives and supporting
sustainable poultry production in the post-antibiotic era.
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1 Introduction

he global poultry industry has rapidly expanded over

recent decades and plays a key role in meeting the
increasing demand for affordable animal protein. This
growth has been supported by advances in genetics,
nutrition, health management, and production efficiency.
Among these factors, feed additives are essential tools for
improving nutrient utilization, feed efficiency, intestinal
health, and overall flock performance (Bist et al., 2024;
Kleyn & Roosendaal, 2024). Historically, antibiotic growth
promoters (AGPs) were widely used to enhance growth and
control enteric diseases. However, concerns regarding
antimicrobial resistance (AMR) have resulted in increasing
restrictions on AGPs use and stimulated the development of
sustainable alternatives (Nobrega et al., 2021; Rahman et al.,
2022). Functional additives, including probiotics, prebiotics,
organic acids, phytogenic compounds, enzymes, vitamins,
amino acids, and minerals, have gained attention due to their
potential to improve nutrient utilization, gut barrier function,
microbiota balance, and immune responses (Buonaiuto et al.,
2025; Samad et al., 2026). Despite their benefits, the
effectiveness of many bioactive additives remains
inconsistent under commercial conditions because of poor
stability, sensitivity to heat and oxidation, and degradation
during feed processing and gastrointestinal transit
(Contreras-Lopez et al., 2024; Stamilla et al., 2020). These
limitations can reduce bioavailability and prevent sufficient
delivery of active compounds to their target intestinal sites
(Fontana et al., 2025; Li et al., 2026). Encapsulation
technologies have emerged as promising approaches to
these

compounds within protective matrices. These systems can

overcome challenges by protecting bioactive
improve stability during manufacturing and storage, enhance
gastrointestinal protection, and enable controlled or targeted
release in specific intestinal regions (Fontana et al., 2025;
Stamilla et al., 2020). Depending on carrier characteristics
and release mechanisms, encapsulated additives may
improve nutrient availability, gut health, and biological
consistency in poultry (Pham et al., 2020; Yang et al., 2015).
Although encapsulation is well established in food and
pharmaceutical industries, its application in poultry nutrition
is still developing. Current research focuses on optimizing
encapsulation methods, carrier materials, particle
characteristics, and release kinetics to improve additive
stability,
immune function, and production performance (Dos Santos

et al., 2024; Kolar et al., 2020). Therefore, this literature

intestinal delivery, microbiome modulation,
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review discusses recent advances in encapsulation-based
delivery systems for poultry feed additives, including
microencapsulation, nanoemulsions, spray drying, and
controlled-release platforms, with emphasis on mechanisms,
applications, benefits, limitations, and future perspectives
for precision poultry nutrition.

2 Overview of Micronutrient Challenges in
Conventional Poultry Feed

2.1 Physicochemical Instability of Feed Additives

The effectiveness of many functional feed additives is
limited by their poor stability during feed processing,
storage, and gastrointestinal transit (Saba et al., 2026). Feed
manufacturing, particularly conditioning and pelleting,
to heat,

mechanical stress, reducing the activity of heat-sensitive

exposes additives moisture, pressure, and
compounds such as vitamins, enzymes, probiotics, and
phytogenics (Jaroensaensuai et al., 2022; Meccafferty &
Purswell, 2024). Essential oils and other volatile phytogenic
compounds are especially susceptible to evaporation and
oxidation during processing and storage, resulting in
reduced biological activity (Wang et al., 2023). Storage
conditions further affect additive stability. Exposure to
oxygen, humidity, light, and temperature fluctuations
accelerates degradation, particularly in lipid-soluble
vitamins, essential oils, and other lipophilic bioactives,
thereby reducing the amount of active compound available
for absorption (Movahedi et al., 2024; Ramoeletsi et al.,
2026; Zhou et al., 2024). The gastrointestinal tract presents
additional barriers to additive efficacy. Gastric acidity,
digestive enzymes, bile salts, and microbial metabolism may
degrade sensitive compounds before they reach their target
site, reducing bioavailability and site-specific activity
(Fisinin et al., 2017; Hamid et al., 2018; Richards & Malik,
2021). Therefore, protecting functional feed additives and
enabling controlled release are essential for improving their
efficacy in poultry nutrition (Abdelli et al., 2020; Bialkowski

et al., 2023).
2.2 Site-Specific Delivery Requirements

The efficacy of functional feed additives depends not
only on chemical stability but also on their ability to reach
their specific sites of action within the gastrointestinal tract
(Fontana et al., 2025). Because additives differ in structure,
stability, absorption site, and biological function, their
delivery requirements vary. Organic acids, phytogenic
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compounds, and medium-chain fatty acids mainly target

Saeed Abadi et al.

microbial populations and epithelial function in the ileum
and ceca, while enzymes must retain activity until reaching
their intestinal substrates (Bedford & Gong, 2018; Liu et al.,
2022). Probiotics require protection from feed processing
and gastric conditions to survive until reaching the distal
intestine, whereas vitamins and amino acids require early
release due to absorption mainly in the upper intestine
(Burgain et al., 2011; Svihus, 2014). Therefore, heat-
sensitive enzymes and probiotics require protection against
processing and gastrointestinal stress, while lipophilic
compounds require protection from oxidation and poor
solubility. Microbiota-targeting additives often benefit from
delayed release in distal intestinal regions (Nantapo &
2025). These

importance of encapsulation systems capable of preventing

Marume, requirements emphasize the
premature degradation while enabling targeted delivery,
supporting precision nutrition strategies in poultry
production (He et al., 2021; Movahedi et al., 2024). Table
S1

gastrointestinal regions, and encapsulation rationale for key

summarizes the major stability limitations, target

classes of functional feed additives used in poultry nutrition.

3 Microencapsulation Technologies

3.1 Principles, Particle Characteristics, and Encapsulating
Materials

Microencapsulation is one of the most widely used
delivery strategies for improving the stability, handling, and

n Principle of microencapsulation
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biological efficacy of functional feed additives in animal
nutrition (Bao et al., 2023; Desai & Park, 2005). It involves
entrapping or coating bioactive compounds within a
protective wall material, typically producing particles
ranging from a few to several hundred micrometers in
diameter (Jyothi et al., 2010). By creating a protective
barrier, microencapsulation reduces losses during feed
processing and storage, protects sensitive compounds during
gastrointestinal transit, and enables controlled release at
targeted intestinal sites (Bhusal et al., 2026). In poultry
nutrition, this technology has been applied to essential oils,
organic acids, probiotics, enzymes, vitamins, phytogenic
compounds, and trace minerals (Figure 1) (Kamwa et al.,
2024; Zhou et al., 2026). Encapsulation performance largely
the which
encapsulation efficiency, particle stability, release behavior,

depends on wall material, influences
and compatibility with feed processing (Flores & Kong,
2017; Mehran et al., 2020). Common encapsulating
materials include carbohydrates, proteins, natural
biopolymers, and lipid-based matrices (Mahdi et al., 2020;
Safeer Abbas et al., 2023). For poultry applications, an ideal
encapsulant should be safe, cost-effective, scalable, resistant
to feed processing and storage, and capable of releasing the
active compound at its intended site of action (Saba et al.,

2026).
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Figure 1. (A) Illustrates core microencapsulation structures, including core—shell microcapsules, matrix-type microparticles, and multilayer-coated

particles for protection of bioactive compounds. (B) Summarizes encapsulating materials (carbohydrate, protein, lipid-based, and natural biopolymers) and

their influence on functional properties such as encapsulation efficiency, release behavior, and stability under feed processing conditions. (C) Presents major

microencapsulation technologies used in poultry feed applications, including oppositely charged biopolymer systems, complex coacervation, and fluidized-

bed coating, highlighting their role in protecting sensitive compounds and enabling controlled gastrointestinal release.

3.2 Coacervation and Biopolymer-Based Systems

studied
microencapsulation technique that relies on electrostatic

Complex coacervation is a  widely
interactions between oppositely charged biopolymers to
form a protective coating around bioactive compounds
(Alrosan et al., 2025; Wang et al., 2021; Yousefi et al.,
2020). Common systems include gelatin—gum arabic,
chitosan—alginate, and protein—polysaccharide combinations
(Gali et al., 2023). In poultry nutrition, coacervation is
particularly suitable for volatile and chemically unstable
additives, especially essential oils that are susceptible to
evaporation and oxidation during feed processing and
storage (Friedman, 2014; Mo et al., 2022). Naturally derived
biopolymers such as chitosan, alginate, and pectin are
attractive encapsulating materials because of their
biodegradability, biocompatibility, and compatibility with
feed applications (Khezerlou et al., 2021). These materials
improve gastrointestinal protection and enable more
controlled release of bioactive compounds. Alginate
effectively protects probiotics and enzymes under acidic
conditions, chitosan  provides mucoadhesive and
antimicrobial properties, and pectin facilitates microbial-
triggered release in the lower intestine (Abbaszadeh et al.,
2014; Lu et al., 2024; Renukadevi et al., 2025; Ta et al.,
2021). Despite these advantages, practical application
remains dependent on formulation and processing
conditions. Encapsulation efficiency, particle stability, and
release behavior vary with polymer composition and
highlighting  the

optimization to maintain stability during feed manufacture

processing  parameters, need for
and ensure predictable gastrointestinal release (Chen et al.,
2020; Falsafi et al., 2023; Homroy et al., 2024; Kolar et al.,
2020).

3.3 Fluidized-Bed Coating and Commercial Applications

Fluidized-bed coating, including Wurster coating, is one
of the most important industrial microencapsulation
technologies for feed additives because it offers scalability,
continuous operation, and precise control over coating
thickness (Bergek et al., 2016). In this process, suspended
particles are coated with atomized solutions or molten lipids
to form uniform protective layers. Sequential coating with

different materials can produce multilayer structures that
enhance stability, reduce premature release, and enable
controlled gastrointestinal delivery (Bergek et al., 2016;
Mahotra et al., 2022; Yan et al., 2025). Protected butyrate
products are among the best-known commercial applications
of fluidized-bed and lipid-based coating technologies in
poultry nutrition (Masiuk et al., 2024). Because free butyrate
is rapidly released or absorbed in the upper gastrointestinal
tract, lipid-coated formulations are designed to delay release
until the small intestine and distal gut (Matis et al., 2022;
Xiong et al., 2024). These formulations, typically based on
hydrogenated vegetable fats or waxes, have been associated
with improved intestinal morphology, barrier function,
microbial balance, and feed efficiency, particularly under
enteric challenge conditions (Abdelli et al., 2021; Ma &
Faciola, 2024; Matis et al., 2022). However, their efficacy
depends on coating composition, particle size, inclusion
level, diet formulation, and experimental conditions (Abdelli
etal., 2021; Leonidio et al., 2024; Ma & Faciola, 2024; Matis
et al., 2022).

4  Nanoemulsion Systems

4.1 Principles and Formulation

Nanoemulsions are colloidal delivery systems composed
of nanoscale droplets, typically ranging from 20 to 500 nm,
dispersed within a continuous phase (Klymchenko et al.,
2021). They are thermodynamically unstable but can remain
kinetically stable for extended periods when properly
formulated (Alam et al., 2021). In most feed-related
applications, oil-in-water nanoemulsions are particularly
relevant because they allow lipophilic bioactive compounds
to be dispersed in aqueous environments and incorporated
more uniformly into feed matrices. Owing to their small
droplet size, large interfacial surface area, and improved
dispersibility, nanoemulsions can enhance the apparent
solubility, oxidative stability, and intestinal availability of
poorly water-soluble compounds (Banasaz et al., 2020;
Butani et al., 2020; Mcclements & Rao, 2011). In poultry
nutrition, nanoemulsion technology has attracted increasing
attention as a delivery platform for essential oils, fat-soluble
vitamins, carotenoids, curcumin, omega-3 fatty acids, and

certain mineral or trace-element formulations (Figure 2)
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(Mirzaei et al., 2023; Patel & Bhandari, 2014; Pereira et al.,
2026).

Nanoemulsion structure and formulation principle
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Nanoemulsion fabrication methods
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Figure 2. Overview of nanoemulsion systems for lipophilic functional feed additives in poultry nutrition, illustrating nanoemulsion structure, high- and

low-energy fabrication methods, and the mechanisms underlying enhanced gastrointestinal stability, bioavailability, and intestinal uptake of bioactive

compounds.(A) Nanoemulsion structure showing lipid droplets containing bioactive compounds stabilized by emulsifiers and incorporated into feed. (B)

Fabrication methods include high-energy (homogenization, microfluidization, ultrasonication) and low-energy (spontaneous emulsification, PIT, PIC)

approaches that form stable nanoscale droplets. (C) Intestinal fate shows improved dispersion, protection from degradation, enhanced lipid digestion, micelle

formation, and increased epithelial transport.

Nanoemulsion fabrication is mainly performed through
high- or low-energy approaches. High-energy methods,
including high-pressure homogenization, microfluidization,
and ultrasonication, generate nanoscale droplets through
mechanical disruption but may require high energy input and
specialized equipment. Low-energy techniques, such as
spontaneous emulsification and phase inversion methods,
produce small droplets by manipulating formulation
composition, interfacial tension, or temperature with lower
energy requirements (Ganesan et al, 2018; Gohtani &
Prasert, 2014; Wang et al., 2020). The selection of an
appropriate method depends on the bioactive compound, oil
phase, emulsifier type, desired droplet characteristics,
stability, cost, and compatibility with feed processing (Bhatt
et al., 2024; Zafar et al., 2024). Emulsifiers and stabilizers
are essential for nanoemulsion performance by reducing
interfacial tension and preventing droplet aggregation,
creaming, and phase separation during storage. Feed-
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compatible emulsifiers, including lecithin, polysorbates,
proteins, and natural biosurfactants, may also influence
digestion, micelle formation, and intestinal absorption of
lipophilic compounds (Chakravarthy et al., 2024; El-Din et
al., 2018). Therefore, nanoemulsion design for poultry
applications should consider not only droplet size and
physical stability but also safety, palatability, regulatory
requirements, feed compatibility, and stability during
storage and pelleting (Ewais et al., 2024; Fath El-Bab et al.,
2024).

4.2 Bioavailability Enhancement Mechanisms

The principal advantage of nanoemulsions is their ability
to enhance the bioavailability of poorly soluble and
chemically unstable feed additives (Aboalnaja et al., 2016;
De Souza lacia et al., 2024; Liu et al., 2016; Mustafa et al.,
2021). Lipophilic compounds such as essential oils,
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carotenoids, curcumin, and fat-soluble vitamins exhibit

limited dispersion in the aqueous gastrointestinal
environment (Aboalnaja et al., 2016; De Souza lacia et al.,
2024; Liu et al., 2016). Incorporation into nanoscale droplets
increases the interfacial surface area, promoting interaction
with digestive enzymes, bile salts, and intestinal fluids,
thereby enhancing lipid digestion, mixed micelle formation,
and intestinal absorption (Lee et al., 2024; Lupo et al., 2021).
Improved  bioavailability  results  from  several
complementary mechanisms, including enhanced dispersion
of hydrophobic compounds, protection against oxidative
degradation, accelerated lipid digestion, and more efficient
micellar transport across the intestinal epithelium (Hu et al.,
2015; Longo & De Moraes, 2025; Oh et al., 2026; Zhang et
al., 2022; Zheng et al., 2021). These mechanisms are
particularly relevant for vitamin E, carotenoids, curcumin,
omega-3 fatty acids, and essential oil constituents such as
thymol and carvacrol (Hsu et al., 2017; Lei et al., 2019;
2021; Wan et al, 2016).

Nanoemulsions may also biological

Salvia-Tryjillo et al.,
improve the
performance of feed additives by modifying their release and
distribution.  Nanoemulsified

intestinal phytogenic

compounds and antioxidant formulations have been
associated with improved intestinal dispersion, tissue
availability, and antioxidant protection compared with
conventional formulations (Nasser et al., 2024; Sharma et
al., 2025). However, these effects depend on droplet size,
lipid composition, emulsifier type, encapsulation efficiency,

and the physiological status of the bird (Jayari et al., 2022).

4.3 Applications in Poultry Nutrition

Nanoemulsion systems have been mainly explored in
poultry nutrition to improve the delivery of lipophilic and
chemically sensitive bioactive compounds (Zuccari & Alfei,
2023). Essential oils and phytogenic compounds, including
thymol, carvacrol, cinnamaldehyde, and eugenol, benefit
from nanoemulsification due to improved dispersion,
protection against oxidation, and enhanced biological
activity. Reported effects include improvements in growth
performance, intestinal morphology, antioxidant status,
immune responses, and gut microbiota balance in broilers (Ji
etal., 2023; Mirzaei et al., 2023). Nanoemulsified curcumin
and other polyphenols have also been investigated to
overcome poor solubility and low bioavailability, potentially
enhancing antioxidant and immunomodulatory effects (Fathi
et al., 2025; Lepaus et al., 2026). Similarly, nanoemulsion-
based delivery of fat-soluble vitamins, carotenoids, and

JOURNAL OF POULTRY SCIENCES AND AVIAN DISEASES, 2026, VOL. 4, NO. 4, 1-24

omega-3 fatty acids may improve dispersion, absorption,
oxidative stability, tissue deposition, and product quality
(Maghsoudi et al., 2022; Qian et al., 2012; Rahim et al.,
2025). Nano-formulated minerals, particularly selenium,
have shown potential to improve mineral retention,
antioxidant activity, immune function, and productive
performance; however, their effectiveness and safety depend
on particle characteristics, dose, solubility, and tissue
accumulation (Alagawany et al., 2021; Hassan et al., 2020).
Overall, nanoemulsion delivery is particularly suitable for
volatile, lipophilic, oxidation-sensitive, or poorly absorbed
additives. However, performance outcomes vary depending
on droplet size, emulsifier type, bioactive concentration,
inclusion level, diet composition, bird age, and experimental
conditions (Aboalnaja et al., 2016; Bendary et al., 2020).
Table S2 summarizes the main nanoemulsion and nano-
formulated delivery systems discussed in this section and
their reported or proposed relevance in poultry nutrition.

4.4 Challenges and Future Perspectives

Despite their potential, nanoemulsion-based feed
additives face several limitations for commercial poultry
application. Physical instability, including aggregation,
coalescence, creaming, Ostwald ripening, and phase
separation during storage or processing, remains a major
challenge (Teo etal., 2016; Wik et al., 2020). Manufacturing
cost and scalability are also critical concerns, as high-energy
production methods require specialized equipment, while
low-energy approaches remain highly formulation-
dependent (Mohite et al., 2023; Panagiotou & Fisher, 2019).
The conversion of liquid nanoemulsions into stable, feed-
compatible powders adds further complexity. Moreover,
nano-formulated additives require careful safety evaluation
due to potential differences in absorption, tissue distribution,
metabolism, and environmental fate compared with
conventional formulations (Committee, 2021; Rao et al.,
2017). Future research should focus on developing cost-
effective, biodegradable, and feed-compatible nanoemulsion
systems with predictable stability and release behavior.
Standardized characterization, bioavailability assessment,
and commercial-scale trials will be essential to support the
practical adoption of nanoemulsion technologies in
precision poultry nutrition (Abdullah, 2025; Lee et al.,

2011).
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5  Spray Drying Applications in Feed Additive
Production

5.1 Spray Drying as an Encapsulation Technology

Spray drying is one of the most widely used encapsulation
technologies in the food, pharmaceutical, and animal feed
industries because of its simplicity, scalability, continuous
operation, and cost-effectiveness (Mohammed et al., 2020).
In this process, a solution, suspension, or emulsion
containing bioactive compounds and wall materials is
atomized into heated air, producing dry particles in which
the active compounds are entrapped within a protective
matrix. The resulting free-flowing powders are stable, easy
to store and transport, and readily incorporated into
commercial poultry feeds (Rezvankhah et al., 2020; Sonia
Indri et al., 2019). In poultry nutrition, spray drying has been
applied to vitamins, essential oils, probiotics, enzymes,
organic acids, omega-3 fatty acids, and phytogenic
compounds (Sonia Indri et al., 2019). Spray-dried particles
improve the stability and handling of sensitive additives by
protecting them from oxidation, volatilization, moisture, and
interactions with other feed ingredients while enhancing
flowability and uniform distribution within feed mixtures
(Mohammed et al., 2020). Despite these advantages, spray
drying presents challenges for heat-sensitive additives.
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Although drying times are short, elevated temperatures may
reduce the activity of probiotics, enzymes, vitamins, and
some phytogenic compounds if process conditions are not
optimized (D'Amico et al., 2025). Consequently, drying
temperature, feed rate, atomization conditions, carrier
composition, and solids content remain key determinants of
encapsulation efficiency, powder quality, and retention of
biological activity (Mirsalami & Mirsalami, 2024).

5.2 Encapsulating Materials and Functional Properties

The performance of spray-dried formulations largely
depends on the composition and physicochemical properties
of the wall materials. Carbohydrate-based carriers, including
modified
cyclodextrins, are widely used because of their low cost,
high solubility, and
compatibility with large-scale spray drying (Mehta et al.,

maltodextrin, starch, gum arabic, and

good film-forming properties,

2022). They improve powder formation, reduce stickiness,
and protect volatile or oxidation-sensitive compounds such
as essential oils and fat-soluble vitamins (Figure 3).
However, carbohydrate-based matrices mainly provide
physical protection and generally offer limited control over
gastrointestinal release (Corréa-Filho et al., 2022).
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Figure 3. (A) Spray-drying process for converting liquid bioactive formulations into stable, free-flowing encapsulated powders incorporated into poultry

feed. (B) Resulting particle architectures and their functional benefits, including matrix, core—shell, and composite wall structures with improved stability,

controlled release, and protection against oxidation, volatilization, and moisture. (C) Selection of wall materials for feed-additive encapsulation, including

carbohydrate-based, protein-based, natural biopolymers, and lipid-composite systems, enables improved encapsulation efficiency, stability, and controlled

gastrointestinal release.

Protein-based encapsulants, including whey protein,
casein, gelatin, soy protein, and zein, are widely used
because of their emulsifying and film-forming properties
and their ability to interact with hydrophobic bioactive
compounds (Pateiro et al., 2021). They improve emulsion
stability and oxidative protection, while zein and some plant
proteins may also provide greater resistance to gastric
conditions and delayed intestinal release. However, their
commercial use may be limited by heat sensitivity,
processing conditions, cost, or allergen-related concerns
(Gomes & Sobral, 2022). Natural biopolymers such as
chitosan, alginate, and pectin have also been investigated as
wall materials or secondary coatings because they provide
gastrointestinal protection, mucoadhesion, pH-responsive
release, or microbial degradability (Movahedi et al., 2024).
These properties make them particularly suitable for
probiotics, organic acids, prebiotics, enzymes, and
phytogenic compounds requiring targeted intestinal delivery
(Khezerlou et al., 2021). Lipid-based carriers and composite
wall further

systems expand formulation options.

Combining carbohydrates, proteins, biopolymers, and lipids
can improve encapsulation efficiency, oxidative stability,
powder quality, and release behavior (Dahiya et al., 2023).
Consequently, wall materials should be selected according
of the
the desired release site,

to the physicochemical properties bioactive

compound, feed-processing

conditions, regulatory requirements, and commercial
feasibility (Fontana et al., 2025). Table S3 summarizes the
major wall material categories, their functional advantages,
formulation limitations, and applications in poultry feed

additive delivery.

5.3 Applications in Poultry Nutrition

Spray-dried encapsulated feed additives have shown
considerable potential for improving nutrient stability and
biological efficacy in poultry (Figure 4). Essential oils and
phytogenic compounds are among the most relevant
applications because many of their active components are
volatile, poorly water-soluble, and sensitive to oxidation
(Corréa et al., 2025). Spray drying can improve their
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retention during storage, reduce odor and handling
problems, and promote more uniform incorporation into
feed. Encapsulated essential oils and phytogenic compounds

ial oils and phytog
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may therefore provide more consistent antimicrobial,
antioxidant, and digestive-support effects than unprotected
formulations (Fontana et al., 2025).

Probiotics
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Figure 4. Schematic representation of spray-dried encapsulated powders containing bioactive feed additives (essential oils, probiotics, enzymes, vitamins,

organic acids, and fatty acids) and their incorporation into poultry feed. Encapsulation enhances stability, protects against oxidation and volatilization, and

enables controlled release in the gastrointestinal tract, improving nutrient availability, gut health, and overall feed efficiency.

Spray-dried probiotic formulations have been developed

to improve bacterial survival during storage, feed
processing, and gastrointestinal transit. Protective carriers
such as maltodextrin, alginate, proteins, and composite
biopolymer matrices help maintain probiotic viability and
enhance intestinal delivery. However, efficacy depends on
strain characteristics, drying conditions, carrier composition,
residual moisture, and storage conditions, making strain-
specific optimization essential for poultry applications
(Muthusamy et al., 2020; Yoha et al., 2022). Organic acids,
particularly  butyrate, another

represent important

by

&
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application of spray-dried delivery systems. Protected
formulations are designed to delay upper gastrointestinal
release and increase butyrate availability in the ileum and
ceca, supporting epithelial development, barrier integrity,
and microbial balance (Figure 5) (Deng et al., 2023).
Although commercial butyrate products commonly use lipid
coating or fluidized-bed technologies, spray drying can also
produce matrix-type or composite formulations containing
organic acids and phytogenic compounds (De Oliveira et al.,
2025).
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Figure 5. Schematic comparison of free versus lipid-encapsulated butyrate along the poultry gastrointestinal tract. Free butyrate is rapidly absorbed in the

upper gut, whereas lipid-coated butyrate enables targeted release in the ileum and ceca, resulting in higher distal gut availability and improved epithelial

function, barrier integrity, and microbial balance.

Spray drying is also used for vitamins, enzymes, omega-
3 fatty acids, and other sensitive bioactives. It reduces
of fat-soluble
polyunsaturated fatty acids while improving feed-handling

oxidative degradation vitamins and

properties. For enzymes, encapsulation enhances storage
stability and
temperatures are carefully controlled (D'Amico et al., 2025).

limits activity loss, provided drying
Overall, spray drying is a practical and scalable technology
for producing feed-compatible encapsulated additives,
although its success depends on optimizing formulation
composition, process conditions, and the intended release

profile (Dahiya et al., 2023).

6  Controlled Release Systems

Controlled-release systems regulate the timing and site of
bioactive release within the gastrointestinal tract, thereby
improving additive stability, intestinal availability, and
pH-
responsive systems are particularly relevant because they

biological efficacy. Among these approaches,
exploit the natural pH gradients along the avian digestive

tract (Dashtestani et al., 2021). Following ingestion, feed

10

additives pass through the acidic proventriculus and gizzard
before entering the more neutral intestinal environment,
allowing encapsulation systems to remain stable in the upper
digestive tract and release their contents at targeted intestinal
2021). Several pH-
responsive materials, including cellulose acetate phthalate
(CAP), hydroxypropyl methylcellulose phthalate (HPMCP),
alginate, chitosan, and methacrylate-based copolymers, have

sites (Lorenzo-Rebenaque et al.,

been investigated for feed applications (Li et al., 2024).

These materials protect sensitive compounds from
premature degradation and promote release in the small
intestine or hindgut, making them suitable for probiotics,
organic acids, essential oils, enzymes, and phytogenic
compounds (Li et al, 2024). The performance of pH-
responsive systems depends on polymer properties, coating
thickness, particle size, gastrointestinal conditions, and bird-
related factors such as age, diet composition, and health
status (Dashtestani et al., 2021). Therefore, formulations
should be optimized according to the intended release site
and commercial production conditions. Recent studies
that

probiotic survival during gastrointestinal transit and

indicate pH-responsive encapsulation improves
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intestinal  availability

compounds and organic acids (Hashem et al., 2023; Sun et

enhances the of phytogenic
al., 2025). By delaying release until the target intestinal
region is reached, these systems may improve gut barrier
function, microbial modulation, and feed efficiency.
However, additional poultry-specific studies are needed to
establish release kinetics, dose-response relationships, and

commercial performance (Matis et al., 2022).
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6.1 Enzyme-Triggered and Microbiota-Responsive Release
Systems

In addition to pH-responsive technologies, enzyme-

triggered delivery systems have attracted increasing
attention for targeted nutrient and additive release. These
systems utilize wall materials or matrices that are degraded
by specific digestive enzymes or microbial enzymes present
within the gastrointestinal tract. As a result, encapsulated
compounds can remain protected during feed processing,
storage, and passage through the upper digestive tract but are
released when exposed to the intended enzymatic

environment (Figure 6) (Gao et al., 2025).

G Enzyme-triggered release

(/ > Q
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Figure 6. This figure illustrates four controlled delivery strategies for encapsulated feed additives in poultry: (A) pH-responsive release based on

gastrointestinal pH gradients using pH-sensitive polymer matrices; (B) enzyme-triggered release mediated by digestive enzymes (amylases, proteases, lipases)

enabling substrate-specific degradation of starch-, protein-, and lipid-based carriers; (C) microbiota-responsive release driven by microbial fermentation and
enzymatic activity in the lower gut (ceca), promoting liberation of prebiotics, synbiotics, organic acids, phytogenics, and microbiota-modulating compounds;
and (D) multilayer and composite encapsulation systems integrating protective, acid-resistant, and stimulus-responsive layers to achieve site-specific intestinal
delivery. Together, these systems enable targeted release in the gastrointestinal tract, improving stability, bioavailability, gut barrier integrity, microbiota

balance, and overall poultry performance.

Biopolymer matrices based on starch, pectin, alginate,
chitosan, and protein-derived materials are widely
Starch- and

protein-based matrices are degraded by digestive enzymes,

investigated as enzyme-responsive carriers.

whereas pectin-containing matrices undergo microbial

degradation in the ceca, making them suitable for distal
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intestinal delivery (Burgain et al., 2011). These systems are
particularly relevant for probiotics, prebiotics, organic acids,
phytogenic compounds, and other microbiota-modulating
2007).

Microbiota-responsive systems represent a more advanced

additives targeting the ileum or ceca (Piva et al.,

form of enzyme-triggered delivery. Their carrier matrices

11
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remain stable in the upper gastrointestinal tract but are
degraded by microbial fermentation or enzymes in the
hindgut, enabling targeted release of prebiotics, synbiotics,
organic acids, and phytogenic compounds. However,
because microbial composition varies with age, diet, and
production conditions, these systems require further
validation before widespread commercial application (Oni
& Oke, 2025).

triggered,  lipid-based, and

Combining pH-responsive, enzyme-
microbiota-responsive
mechanisms may provide more precise delivery than
conventional encapsulation approaches (Fontana et al.,
2025). Multilayer or composite systems can provide
sequential protection and release, allowing Dbioactive
compounds to withstand feed processing and upper
gastrointestinal transit before reaching targeted intestinal
sites. Such strategies are expected to support precision
nutrition and antibiotic-free poultry production by
improving gut health, microbial balance, and nutrient
utilization (Azizi et al., 2026). Table S4 summarizes the
major controlled-release mechanisms and their applications

in targeted delivery of functional feed additives for poultry.

7  Functional Feed Additives and Precision Poultry
Nutrition

7.1 Encapsulated Phytogenics and Essential Oils

Phytogenic feed additives (PFAs), including essential
oils, plant extracts, and purified phytochemicals, have
gained considerable attention as natural alternatives to
antibiotic growth promoters in poultry production because
of their antimicrobial, antioxidant, anti-inflammatory, and
digestive-stimulatory properties (Ayalew et al., 2022).
Common  examples include carvacrol, thymol,
cinnamaldehyde, eugenol, and essential oils derived from
oregano, thyme, cinnamon, and clove (Obianwuna et al.,
2024; Serra et al., 2021). Despite their biological potential,
many phytogenic compounds are volatile, lipophilic, poorly
water-soluble, and susceptible to oxidation or thermal
degradation during feed processing and storage (Omidian et
al., 2025). Premature release or absorption in the upper
gastrointestinal tract may further reduce their availability in
distal

biological responses (Yang et al., 2015). Encapsulation

intestinal regions, contributing to inconsistent
technologies, including microencapsulation, lipid-based
coating, spray drying, and nanoemulsions, improve the
stability and delivery of phytogenic feed additives by
reducing volatilization and oxidation while enabling more
2024;

controlled intestinal release (Almassri et al.,
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Phupaboon et al., 2025). Nanoemulsions enhance the
dispersion and bioavailability of lipophilic phytochemicals,
whereas lipid- and polymer-based microcapsules provide
greater  protection during feed processing and
gastrointestinal transit (Guo et al., 2025). Encapsulated
oregano, thyme, cinnamon, thymol, carvacrol, and related
formulations have been associated with improved growth
performance, feed efficiency, antioxidant status, intestinal
morphology, and gut microbial balance in broiler chickens
(Moharreri et al., 2021; Mucha & Witkowska, 2021). They
may also suppress enteric pathogens such as Salmonella sp.,
Campylobacter  spp., Clostridium perfringens, and
pathogenic Escherichia coli, although efficacy depends on
the active compound, encapsulation system, diet
composition, and experimental conditions (Sokol et al.,
2025). By improving stability and enabling targeted
intestinal delivery, encapsulation enhances the consistency
of phytogenic feed additives and strengthens their potential
role in antibiotic-reduction strategies and sustainable poultry

production (Movahedi et al., 2024; Stevanovi¢ et al., 2018).

7.2 Encapsulated Organic Acids

Organic acids, including formic, propionic, fumaric,
lactic, and butyric acids, are widely used as alternatives to
antibiotic growth promoters in poultry nutrition. Their
benefits include reduced gastrointestinal pH, inhibition of
pathogenic microorganisms, modulation of gut microbiota,
improved nutrient digestibility, and enhanced intestinal
health (Melaku et al., 2021). Among them, butyric acid is
particularly important because it serves as an energy source
for intestinal epithelial cells and supports epithelial barrier
integrity, immune homeostasis, and intestinal development
(Xiao et al., 2023). The practical application of free organic
acids is limited by strong odor, corrosiveness, rapid upper
gastrointestinal dissociation or absorption, and potential
effects 2020).
Encapsulation improves handling properties, reduces odor

on feed palatability (Pearlin et al,
and corrosiveness, protects organic acids during feed
processing, and enables gradual release along the intestinal
tract, increasing their availability in distal intestinal regions
(Matis et al., 2022). Protected butyrate formulations are
among the most commercially important encapsulated
organic acids in poultry nutrition. Lipid-coated sodium or
calcium butyrate, tributyrin, and related products are
designed to delay upper gastrointestinal release and increase
butyrate availability in the small intestine and distal gut
(Matis et al., 2022). These formulations have been
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associated with improved intestinal morphology, epithelial
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barrier function, nutrient utilization, and feed efficiency in
broiler chickens (Abdelli et al., 2020; Matis et al., 2022).
Beyond their antimicrobial activity, butyrate and its
derivatives  influence  gene  expression, regulate
inflammatory responses, support epithelial renewal, and
improve intestinal resilience under enteric challenge
conditions (Bedford & Gong, 2018; Li et al., 2026). More
recently, multi-component delivery systems combining
organic acids with essential oils or phytogenic compounds
have attracted interest because of their potential synergistic
effects on microbial balance, gut barrier function, and
growth performance, reinforcing the role of encapsulated
organic acids in antibiotic-free and precision poultry
nutrition (Huyben et al., 2021; Islam et al., 2024). Table S5
the

formulations discussed in this section, with emphasis on

summarizes main encapsulated organic acid

their delivery challenges, intended release regions, and
functional relevance in poultry nutrition.

7.3 Encapsulated and Nano-Formulated Trace Minerals

Trace minerals such as zinc, selenium, copper,

manganese, and iron are essential for growth, immune
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function, antioxidant defense, skeletal development, and
enzyme activity in poultry (Byrne & Murphy, 2022).
Although they are traditionally supplied as inorganic salts,
their utilization may be reduced by interactions with dietary
components, resulting in lower absorption efficiency and
greater mineral excretion (Ghasemi et al., 2020). Organic
mineral sources, including amino acid chelates, proteinates,
and hydroxy trace minerals, generally provide greater
digestive stability and bioavailability than conventional
inorganic forms (Alagawany et al., 2021; Han et al., 2024).
More recently, encapsulation and nano-formulation have
emerged as complementary strategies to further improve
mineral delivery and precision nutrition (Swain et al., 2021).
Encapsulation protects minerals from undesirable
interactions during feed processing, storage, and digestion
while enabling more controlled gastrointestinal release
(Figure 7) (Swain et al., 2021). It may also reduce oxidation
caused by reactive metal ions, thereby improving feed
stability and preserving sensitive nutrients (Yin, Tong, et al.,
2022). These advantages are particularly relevant for trace
minerals involved in antioxidant defense and immune
function, including selenium, zinc, copper, and iron

(Mahmoud et al., 2024).
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Figure 7. Schematic illustration of encapsulated functional feed additives used in precision poultry nutrition, demonstrating their targeted delivery and

their roles in enhancing feed efficiency, intestinal health, microbial balance, immune responses, and overall poultry performance.

Encapsulated selenium, zinc, and copper formulations
have shown potential to improve mineral utilization,
antioxidant capacity, immune responses, intestinal
development, egg quality, and growth performance in
poultry (Ferroudj et al., 2026). Selenium nano-formulations

have received particular attention due to their role in
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antioxidant defense, while protected zinc and copper may
enhance mineral availability at lower inclusion levels.
However, their effectiveness depends on mineral source,
particle size, dose, solubility, and diet composition (Asri-
Rezaei et al., 2018). Encapsulation and nano-formulation

can improve mineral stability, controlled release, retention,
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and biological utilization, but require careful assessment of
safety, tissue accumulation, and environmental effects.
Future studies should focus on dose optimization, mineral
retention and excretion, tissue deposition, and commercial-
scale validation to support sustainable precision mineral
nutrition (Yin, Tong, et al., 2022; Yin, Zhai, et al., 2022).
Table S6 summarizes the major trace mineral delivery
strategies and their relevance for poultry nutrition.

8  Gut Health Management Through Targeted
Delivery

8.1 Intestinal Morphology and Barrier Integrity

Maintaining intestinal integrity is essential for nutrient
absorption, disease resistance, and poultry performance. The
intestinal epithelium functions as a selective barrier
regulating nutrient uptake while preventing the entry of
pathogens and harmful metabolites. Villus height, crypt
depth, and villus height-to-crypt depth ratio are key
indicators of intestinal development and absorptive capacity
(Adedokun & 2019; Jha et al, 2020).
Encapsulation improves the targeted delivery of functional

Olojede,

additives that support intestinal morphology and barrier
function. Encapsulated butyrate, B-glucans, probiotics,
phytogenic compounds, organic acids, and micronutrients
have been shown to enhance villus development, strengthen
tight junctions, reduce inflammation, and improve epithelial
resilience (Pham et al., 2020; Xu et al., 2020). Targeted
release is particularly important for compounds acting
locally in the intestine, where they interact with epithelial
cells, mucosal immunity, and the microbiota (Marza et al.,
2025). Butyrate represents a key example, as it provides
energy for intestinal epithelial cells and promotes mucin
production, epithelial renewal, and tight-junction regulation.
Encapsulated butyrate improves its delivery to the lower
intestine, enhancing barrier integrity and reducing
inflammatory responses (Pham et al., 2020; Xiong et al.,
2024). Similarly, encapsulated phytogenics and probiotics
may improve intestinal homeostasis by reducing oxidative

stress, pathogen pressure, and microbial imbalance.

8.2 Microbiome Modulation

The gastrointestinal microbiota plays a key role in

nutrient metabolism, immune development, pathogen

resistance, and overall poultry health (Figure 8). A balanced

microbial community supports beneficial metabolite

production, pathogen exclusion, and mucosal immunity,
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whereas dysbiosis can impair nutrient utilization and
increase disease susceptibility (Aruwa et al., 2021; Oni &
Oke, 2025). Encapsulation enhances the delivery of
probiotics, prebiotics, synbiotics, organic acids, and
phytogenic compounds by protecting them during feed
processing and gastrointestinal transit. Improved survival
and targeted release in the ileum and ceca increase their
potential to modulate microbial communities, promote
beneficial bacteria, suppress pathogens, and improve
microbial stability (Gyawali et al., 2022; Qi et al., 2025; Yue
et al., 2025). Encapsulated essential oils and organic acids
provide localized antimicrobial effects, while protected
prebiotics and synbiotics support fermentation and short-
chain fatty acid production. Although these strategies can
health, and

performance, their effectiveness depends on factors such as

improve microbiota balance, intestinal
bird age, diet composition, environmental conditions,
pathogen pressure, and formulation characteristics (Bindari

& Gerber, 2022; Hu et al., 2015).
8.3 Immune Competence and Oral Vaccine Delivery

The gastrointestinal tract is a major immune organ in
poultry, where gut-associated lymphoid tissue (GALT)
contributes to mucosal immune surveillance and defense
against enteric pathogens. Maintaining intestinal integrity
and microbial balance through nutritional strategies can
enhance immune competence and reduce pathogen pressure
(Emami & Dalloul, 2021). Encapsulation technologies based
on biodegradable polymers, lipid matrices, and nano-carriers
provide promising

platforms for delivering

immunostimulants, vaccine antigens, probiotics,
phytogenics, and other functional additives. By protecting
sensitive compounds during feed processing and
gastrointestinal transit, these systems can improve stability
and promote targeted release at intestinal immune sites
(Bhusal et al., 2026; Flores et al., 2026). In oral vaccine
delivery, encapsulation may enhance antigen protection,
intestinal uptake, and mucosal immune responses. Although
promising results have been reported for encapsulated
vaccines against diseases such as coccidiosis, Newcastle
disease, and infectious  bronchitis, = commercial
implementation remains limited (El-Saadony et al., 2022).
Beyond vaccination, encapsulated organic acids,
phytogenics, probiotics, and trace minerals may support
immunity by reducing inflammation, modulating immune
Thus,

encapsulation can contribute to integrated gut health

responses, and enhancing antioxidant defense.
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management and precision nutrition strategies in poultry
production (Buonaiuto et al., 2025; Sokol et al., 2025).

Intestinal morphology and
barrier integrity -

Poultry Intestinal Map
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Figure 8. Overview of targeted delivery systems for gut health management in poultry, illustrating the controlled intestinal release of functional feed

additives and their roles in enhancing gut integrity, microbial balance, immune function, nutrient absorption, and production performance.

Overall, targeted delivery of functional feed additives can
support intestinal morphology, barrier integrity, microbiome
stability, and immune competence in poultry (Oni & Oke,
2025). Although encapsulated formulations have shown
promising effects on gut health and productive performance,
their efficacy remains highly dependent on additive type,
formulation, bird age, diet, and production conditions
(Abdelli et al, 2020; Pham et al, 2020). Further
commercial-scale studies integrating intestinal morphology,
microbiome, immune, and performance data are needed to
better define the contribution of targeted delivery systems to
poultry gut health. Table S7 summarizes the main gut-
health-related outcomes of targeted encapsulated feed
additives discussed in this section.

9  Challenges, Limitations, and Safety Considerations
9.1 Regulatory and Commercialization Considerations

The commercialization of encapsulated feed additives is
largely determined by regional regulatory frameworks. In
the European Union, feed additives are regulated under
Regulation (EC) No. 1831/2003, while novel encapsulation
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materials, controlled-release  systems, and nano-
formulations may require additional safety and efficacy
evaluations by EFSA (Additives et al., 2021). Similar
regulatory approaches exist in other regions, although
requirements vary depending on the active compound,
carrier material, formulation, and application (Sokol et al.,
2025). Advanced nano-formulated and controlled-release
systems face additional regulatory challenges, requiring
comprehensive evaluation of particle characteristics,
stability,

lack of harmonized

encapsulation efficiency, release
bioavailability, and safety. The

international guidelines increases regulatory complexity and
2018;
Movahedi et al., 2024). Commercial success further depends
feed
compatibility, and cost-effectiveness. While spray drying

profile,

may delay commercialization (Committee et al.,

on scalability, consistency, quality control,

and fluidized-bed coating are established industrial
approaches, more advanced systems such as nanoemulsions,
multilayer coatings, and stimuli-responsive carriers still
require further optimization for large-scale application (Jin
& Wang, 2026; Moosavi et al., 2025).
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9.2 Safety,
Considerations

Standardization, and Environmental

Although encapsulation technologies improve nutrient
delivery, their safety requires careful evaluation. Nano-scale
systems are of particular concern because particle size may
affect absorption, biodistribution, cellular interactions, and
While
biodegradable materials appear safe, further studies are

biological responses. many food-grade and
needed to assess long-term exposure, tissue accumulation,
residues, gut microbiota effects, and interactions with
dietary components under commercial conditions (Vilas-
Boasetal.,2021; Zhou et al., 2026). Standardization remains
a major challenge due to variations among studies in
encapsulation methods, carrier materials, particle
characteristics, release behavior, inclusion levels, diets,
animal age, and evaluation criteria. Consistent reporting of
key parameters, including particle size, zeta potential, active
compound loading, encapsulation efficiency, stability,
release profile, and bioavailability, is essential to improve
reproducibility and facilitate comparison among delivery
systems (Fontana et al., 2025; Nantapo & Marume, 2025;
Oni & Oke, 2025). Environmental sustainability is another
important consideration. Although some synthetic carriers
may persist in agricultural environments, biodegradable
materials such as starch, alginate, chitosan, pectin, proteins,
and lipid-based matrices offer more environmentally
compatible alternatives. Future development should focus
on delivery systems that combine efficiency, safety, feed
compatibility, biodegradability, and minimal environmental
impact (Herdiana, 2025; Puglia et al., 2021). Overall,
successful commercialization of encapsulated feed additives
requires balancing efficacy, safety, scalability, cost,
regulatory compliance, and environmental sustainability.
Wider

assessments, commercial-scale feeding trials, dose-response

adoption will depend on long-term safety
studies, and harmonized quality standards (Movahedi et al.,

2024).

10 Future Perspectives and Emerging Technologies

Encapsulation technologies are expected to become key
tools in precision poultry nutrition by improving the
stability, targeted delivery, and efficacy of functional feed
additives. Future systems will move toward multifunctional
platforms capable of protecting bioactive compounds,
controlling  gastrointestinal release, and enhancing
absorption, particularly for unstable or poorly bioavailable

additives (Obianwuna et al., 2024; Stevanovic et al., 2018).
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Emerging approaches, including pH-responsive, enzyme-
triggered, lipid-based, and microbiota-responsive delivery
systems, may enhance the effectiveness of probiotics,
phytogenic compounds, enzymes, organic acids, vitamins,
and minerals. Multilayer and composite carriers may further
enable sequential release and synergistic delivery of multiple
bioactive compounds (Guo et al., 2025; Hashem et al.,
2023). Future development will increasingly focus on
sustainable biodegradable carriers and improved industrial
feasibility through lower production costs, consistent
quality, and stability during feed processing and storage.
Integration with precision livestock farming may enable
adaptive use of encapsulated additives according to animal
performance, health status, and environmental challenges
(Mackenzie, 2023; Sokol et al., 2025; Vlaicu et al., 2024).
Despite rapid advances, widespread adoption requires
further
standardized

commercial-scale trials,
safety

environmental evaluations, and techno-economic analyses.

validation  through

characterization, assessments,
Collaboration among researchers, industry, and regulatory
authorities will be essential for translating encapsulation
technologies into practical feed solutions (Buonaiuto et al.,
2025; Flores et al., 2026). Overall, encapsulated feed
additives represent a promising strategy to improve poultry
health, productivity, and sustainability while supporting
reduced reliance on antibiotic growth promoters (Azizi et al.,
2026; Movahedi et al., 2024).

11 Conclusions

Encapsulation technologies provide a promising
approach for enhancing the stability, bioavailability, and
targeted delivery of functional feed additives in poultry
nutrition. Advances in microencapsulation, nanoemulsions,
spray drying, fluidized-bed coating, and controlled-release
systems have improved the effectiveness of vitamins,
phytogenic compounds, organic acids, probiotics, enzymes,
and minerals by protecting them during processing, storage,
and gastrointestinal transit.Current evidence indicates that
encapsulated additives can support nutrient utilization, gut
function, and

health, microbiota balance, immune

productive performance, making them particularly valuable

poultry
production systems. However, large-scale implementation

for antibiotic reduction and antibiotic-free
remains limited by challenges related to cost, scalability,
formulation stability, regulatory requirements, and the need
for long-term safety and efficacy validation. Future research

should focus on optimized carrier materials, standardized
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characterization, controlled release strategies, commercial-
scale trials, and techno-economic evaluation. Integrating
encapsulation with precision nutrition and sustainable feed
technologies may facilitate the development of next-
generation delivery systems for more efficient, resilient, and
sustainable poultry production.

Supporting Information

Tables S1-S7 are available in the Supporting Information
file associated with this article.
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