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ABSTRACT

Restrictions on the use of antibiotic growth promoters have increased interest in alternative feed additives
in animal production systems. In this context, phytogenic feed additives containing plant-derived bioactive
compounds have emerged as promising alternatives due to their antimicrobial, antioxidant, and
immunomodulatory properties. However, several limitations of phytogenic compounds, including poor
water solubility, high volatility, sensitivity to environmental conditions, and limited bioavailability, often
result in inconsistent efficacy under practical production conditions.

Recent advances in nanotechnology have enabled the development of innovative approaches to overcome
these challenges. Nanocarrier-based delivery systems, such as nanoemulsions, nanoencapsulation
technologies, and other nanoscale formulations, have demonstrated significant potential for protecting
bioactive compounds, enhancing their controlled release, and improving their bioavailability. These
technological advancements may contribute to maximizing the functional efficacy of phytogenic substances
in animal nutrition.
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Current research indicates that nanophytogenic systems possess considerable potential to support gut health,
improve animal performance parameters, and reduce the environmental impacts associated with livestock
production. Nevertheless, issues related to standardization, safety assessment, production costs, and
regulatory frameworks remain among the major constraints limiting the widespread adoption of these
technologies. This review evaluates the integration of phytogenic feed additives with nanotechnology, their
potential applications in animal production systems, and future research perspectives considering the most
recent scientific literature.

Keywords: Phytogenic Feed Additives, Nanotechnology, Nanoencapsulation, Bioavailability, Sustainable Livestock
Production, Animal Nutrition.

1. Introduction

Improving productivity and efficiency in animal production systems has long been regarded as a
primary objective of livestock farming. To achieve this goal, antibiotic growth promoters (AGPs)
have been extensively utilized due to their beneficial effects on feed efficiency and growth
performance (Dibner and Richards, 2005; Castanon, 2007). However, increasing evidence
demonstrates that the prolonged and indiscriminate use of antibiotics contributes to the emergence
and spread of antimicrobial resistance has led to a critical reassessment of their application in
animal agriculture (Marshall and Levy, 2011; Van Boeckel et al., 2015). Consequently, many
countries have implemented restrictions on the use of AGPs, accelerating the search for sustainable
alternatives capable of maintaining animal health and production performance (Diarra and
Malouin, 2014).

Among these alternatives, phytogenic feed additives (PFAs) have emerged as one of the most
extensively investigated groups of natural feed additives. Derived from plant-based bioactive
compounds, PFAs exhibit a wide range of biological activities, including antimicrobial,
antioxidant, anti-inflammatory, and digestive-stimulatory properties, which may positively
influence animal health and productivity (Windisch et al., 2008; Yang et al., 2015). Essential oils,
phenolic compounds, flavonoids, alkaloids, and various plant extracts constitute the major
components of this category (Steiner and Syed, 2015). Numerous studies have demonstrated that
phytogenic additives can contribute to the maintenance of gut health, enhancement of immune
function, and, in some cases, improvement of feed conversion efficiency (Hashemi and Davoodi,
2011; Zeng et al., 2015).

Despite these promising benefits, the positive outcomes observed under laboratory and
experimental conditions are not always consistently reproduced in commercial livestock

production systems. One of the principal reasons for this variability is associated with the
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physicochemical characteristics of many phytogenic compounds. In particular, the high volatility
of essential oils, the poor aqueous solubility of certain phenolic compounds, and the limited
stability of active substances throughout the gastrointestinal tract may significantly reduce their
biological efficacy (Reis et al., 2012; Donsi and Ferrari, 2016). Consequently, current research
efforts are focused not only on identifying novel phytogenic compounds but also on developing
innovative technologies capable of enhancing the effectiveness and delivery of existing bioactive
substances.

In this context, nanotechnology has emerged as a promising approach for overcoming many of the
limitations associated with conventional phytogenic feed additives. Nanoemulsions,
nanoencapsulation systems, and various nanocarrier platforms can protect bioactive compounds
from environmental degradation, enable controlled release, and improve their bioavailability
(McClements, 2018). These technological advancements are expected to maximize the biological
potential of phytogenic substances and improve their functional performance in animal nutrition.
The growing body of research published in recent years suggests that nanotechnology should not
be viewed as a replacement for phytogenic feed additives but rather as a complementary strategy
that enhances their efficacy and practical applicability (Bilia et al., 2014).

This review discusses the major limitations associated with the use of phytogenic feed additives,
evaluates the potential of nanotechnology-based delivery systems to address these challenges, and
examines the current and prospective applications of nanophytogenic systems in animal production
based on recent scientific evidence.

2. From Phytogenic Feed Additives to Nanophytogenic Systems

Following the restrictions imposed on the use of antibiotic growth promoters, interest in natural
feed additives has increased within the field of animal nutrition. In this context, plant-derived
bioactive compounds have attracted considerable attention due to their potential to support animal
health and improve productive performance. Numerous phytogenic constituents, including
polyphenols, terpenoids, alkaloids, and essential oils, have demonstrated promising antioxidant,
antimicrobial, and anti-inflammatory properties, contributing not only to animal health
maintenance but also to improvements in the quality of animal-derived products. Recent studies
have shown that phytogenic feed additives may support intestinal health, mitigate the adverse
effects of oxidative stress, and, in certain cases, improve feed utilization efficiency. Furthermore,
research conducted in ruminants has indicated that specific plant-derived bioactive compounds
may influence rumen fermentation patterns and contribute to the reduction of methane emissions
(Conto et al., 2026).
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Despite these promising findings, the available literature reveals considerable variability in the
efficacy of phytogenic feed additives. The observation that the same bioactive compound may
produce different responses across studies has prompted researchers to investigate the underlying
causes of such inconsistencies. Initially, these differences were primarily attributed to factors such
as animal species, age, environmental conditions, and diet composition. However, subsequent
investigations have demonstrated that the physicochemical characteristics of bioactive compounds
are equally important determinants of their biological effectiveness. In particular, the inability of
many plant-derived bioactive substances to maintain stability throughout the gastrointestinal tract
is now recognized as one of the major factors limiting their expected biological activity (Anwar,
2025).

Essential oils represent one of the most illustrative examples of this challenge. Although
compounds such as carvacrol, thymol, eugenol, and cinnamaldehyde exhibit potent biological
activities, their high volatility and susceptibility to environmental conditions may result in
significant losses during storage, feed processing, and digestion. Similarly, many phenolic
compounds exhibit poor water solubility, limited gastrointestinal absorption, or reduced biological
activity following metabolic transformation. Consequently, the current scientific debate is no
longer centered on whether phytogenic compounds are effective, but rather on how their efficacy
can be preserved within the animal organism and how these compounds can be efficiently delivered
to their target sites.

Nanotechnology-based approaches have emerged as promising solutions to these challenges. With
the development of nanoscale delivery systems, research efforts have increasingly shifted from the
discovery of novel bioactive compounds toward enhancing the functionality and effectiveness of
existing phytogenic substances. One of the principal advantages of nanotechnology lies in its ability
to increase the surface area of active compounds, thereby improving their solubility while
simultaneously protecting them from environmental degradation. Nanosized particles can interact
more efficiently with the gastrointestinal tract and establish greater contact with intestinal surfaces,
facilitating absorption and potentially enabling comparable biological responses at lower inclusion
levels (Dumlu, 2024).

Among nanotechnology-based delivery systems, nanoemulsions have become one of the most
extensively investigated platforms for the application of phytogenic compounds in animal
nutrition. Through nanoemulsion technology, lipophilic bioactive compounds are dispersed into
extremely small droplets, thereby alleviating many of the limitations associated with poor solubility
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and instability. This approach is particularly relevant for essential oils, as nanoemulsion structures
help protect volatile compounds and enable their more controlled release throughout the digestive
tract. As a result, the accessibility of bioactive compounds within the intestinal environment may
increase, potentially enhancing their biological efficacy.

Similarly, nanoencapsulation technologies are increasingly regarded as a new generation of
delivery systems for phytogenic feed additives. Nanoencapsulation not only protects active
compounds from degradation but also enables their controlled release at specific sites within the
digestive system. This characteristic provides significant advantages for compounds that are
rapidly degraded in the rumen or highly sensitive to gastric acidity. Botia Carrefio et al. (2026)
reported that micro- and nanoencapsulation systems facilitate the controlled transport of active
substances throughout the gastrointestinal tract, thereby enhancing their biological effectiveness.
Such improvements may influence not only animal performance parameters but also the
modulation of gut microbiota and the regulation of rumen fermentation processes.

Another noteworthy aspect of nanophytogenic systems is their influence on bioavailability. The
biological activity of a compound depends not only on its presence in the diet but also on its
absorption in a biologically available form. Curcumin represents a well-known example of a
phytogenic compound possessing strong biological activity but exhibiting limited practical efficacy
due to poor bioavailability. Consequently, nanoparticle- and nanosphere-based delivery systems
have been proposed as promising strategies to enhance the absorption and utilization of such
compounds. Moniruzzaman and Min (2020) demonstrated that nanoformulations of curcumin
exhibited greater biological efficacy than conventional formulations. This finding suggests that
nanotechnology functions not merely as a delivery platform but also as a tool capable of enhancing
the expression of the biological potential inherent in phytogenic compounds.

Collectively, the current body of evidence clearly indicates that nanotechnology should not be
considered a replacement for phytogenic feed additives. Rather, it represents a complementary
technology designed to maximize the effectiveness of plant-derived bioactive compounds.
Therefore, nanophytogenic systems can be regarded as next-generation feed additive strategies that
integrate the natural advantages of phytogenic compounds with the benefits of nanotechnology,
including enhanced protection, controlled release, and improved bioavailability (Figure 1).
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Figure 1. Conceptual evolution from conventional phytogenic feed additives to nanophytogenic
systems and their expected contributions to sustainable animal production.

3. Applications, Advantages, and Limitations in Animal Production

A substantial proportion of research on nanophytogenic systems has focused on poultry production.
This emphasis is attributed to the strong relationship between intestinal health and productive
performance in poultry, as well as the increasing demand for effective alternatives following
restrictions on the use of antibiotic growth promoters. Although the antimicrobial and antioxidant
properties of phytogenic compounds have been recognized for decades, efforts to preserve and
enhance their biological efficacy have intensified in recent years. With the development of
nanoformulations, it has been proposed that bioactive compounds can be delivered more efficiently
throughout the gastrointestinal tract, enabling comparable biological responses at lower inclusion
levels. Consequently, current research is directed not only toward identifying novel phytogenic
compounds but also toward developing strategies capable of improving the biological effectiveness
of existing bioactive substances.

Studies conducted in poultry have demonstrated that phytogenic additives may exert significant
effects on intestinal health. Necrotic enteritis has re-emerged as a major challenge in poultry
production following the reduction in antibiotic use. Khairunnesa et al. (2026) reported that a
thymol-based phytogenic blend reduced performance losses in broilers challenged with necrotic
enteritis, improved the villus height-to-crypt depth ratio, and decreased intestinal lesion scores. The
same study also documented increased survival rates and reduced inflammatory markers. These
findings suggest that phytogenic compounds may influence not only growth performance but also
intestinal integrity and overall animal welfare.

The beneficial effects observed on intestinal health are frequently reflected in production
performance. Nevertheless, the literature reveals considerable variability in reported performance
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outcomes. While some studies have demonstrated improvements in body weight gain and feed
conversion ratio, others have reported more limited effects or statistically non-significant
responses. Such inconsistencies indicate that the efficacy of phytogenic additives depends not only
on the nature of the active compound but also on factors such as dosage, duration of administration,
animal species, environmental conditions, and dietary composition. Conto et al. (2026) emphasized
that the biological effects of plant-derived bioactive compounds are highly dependent on
application conditions and highlighted the need for standardized protocols to improve the
reproducibility of research findings.

Research conducted in ruminants provides a complementary perspective on the potential
applications of nanophytogenic systems. In these species, interest in phytogenic additives is largely
driven by the possibility of modulating rumen fermentation and improving nutrient utilization
efficiency. Microbial activities occurring within the rumen directly influence both energy
metabolism and the environmental footprint of livestock production. Consequently, numerous
studies have investigated the effects of plant-derived bioactive compounds on ruminal microbial
populations and fermentation pathways.

The application of micro- and nanoencapsulation technologies has further expanded these research
opportunities by enabling more controlled release of active compounds within the rumen
environment. Such delivery systems are expected to improve targeting efficiency toward specific
microbial populations and enhance the consistency of biological responses. Beyond nutritional
benefits, these approaches may also contribute to environmental sustainability. One of the most
actively investigated areas is the reduction of enteric methane emissions. Methane produced during
ruminal fermentation is recognized as a major contributor to greenhouse gas emissions from
livestock systems. Although several phytogenic compounds have been reported to reduce methane
production through modifications of rumen microbiota, the magnitude and persistence of these
effects remain subjects of ongoing debate. The considerable variation observed among plant
extracts suggests that the underlying mechanisms have not yet been fully elucidated. Therefore,
while the available findings are promising, further validation studies are required before methane
mitigation strategies based on phytogenic compounds can be widely implemented in commercial
production systems.

Despite the considerable potential of nanophytogenic systems, their commercial adoption has not
progressed as rapidly as anticipated. Several challenges continue to limit large-scale
implementation, including high production costs, difficulties in formulation standardization, and
uncertainties associated with regulatory frameworks. Furthermore, important questions remain
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regarding the potential accumulation of nanoparticles in animal tissues, their environmental fate,
and the long-term risks associated with prolonged exposure. Dumlu (2024) acknowledged the
potential of nano-sized feed additives to improve bioavailability but emphasized the necessity of
comprehensive evaluations addressing both safety and environmental implications. Accordingly,
the successful commercialization of nanotechnology-based feed additives depends not only on their
efficacy but also on the demonstration of their safety and sustainability.

Overall, the current body of evidence indicates that nanophytogenic systems offer significant
opportunities for the livestock sector. Existing studies highlight their potential to support intestinal
health, enhance productive performance, modulate rumen fermentation, and reduce environmental
impacts. However, future research should focus less on the discovery of new bioactive compounds
and more on the development of reliable, cost-effective, and scalable delivery systems capable of
maximizing the efficacy of already available phytogenic substances. Consequently, the future
success of nanophytogenic technologies will depend not merely on their biological potential but on
the extent to which this potential can be translated into safe, sustainable, and economically viable
applications under practical production conditions (Table 1).

Table 1. Potential Advantages and Current Limitations of Nanophytogenic Systems

Potential Advantages Current Limitations

Enhanced bioavailability High production costs

Controlled release of bioactive compounds Lack of standardization

Improved physicochemical stability Regulatory uncertainties

Reduced loss of active substances Limited long-term safety data

Support of intestinal health Limited commercial applications
Potential reduction in antibiotic use Challenges in industrial-scale production

4. Future Perspectives and Research Needs

Although research on nanophytogenic feed additives has increased substantially in recent years,
the current body of literature indicates that the long-term implications of these technologies in
animal production systems have not yet been fully elucidated. Most available studies have focused
on short-term experimental applications, while considerable variability has been reported among
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findings obtained under different animal species, production systems, and management conditions.
These observations suggest that the effectiveness of nanophytogenic systems depends not only on
the bioactive compound employed but also on the characteristics of the carrier system, inclusion
level, and production environment.

One of the most significant challenges identified in the current literature is the lack of
standardization. The composition of extracts obtained from the same plant species may vary
considerably depending on cultivation conditions, harvest stage, and extraction methodology. Such
variability complicates the comparison of experimental findings and hinders the development of
standardized products suitable for commercial applications. Therefore, the sustainable utilization
of phytogenic feed additives requires more precise characterization of active constituents and the
establishment of robust quality control criteria (Conto et al., 2026).

Advances in nanotechnology offer opportunities not only for protecting bioactive compounds but
also for achieving site-specific and controlled release within the gastrointestinal tract. In particular,
multilayer encapsulation systems, biopolymer-based carriers, and environmentally responsive
smart delivery systems are expected to receive increasing research attention in the coming years.
These technologies may enable the targeted delivery of active compounds to specific regions of
the digestive tract (Table 2), thereby maximizing their biological efficacy and functional
performance (Botia Carrefio et al., 2026).

Tablo 2. Comparison of Nanophytogenic Delivery Systems Used in Animal Nutrition*

| Delivery System || Principle || Main Advantages || Potential Applications
Nanoemulsion Dispersion of oil droplets at || Improved solublllty, stability || Essential oils, 1%p0ph1110
nanometer scale and absorption phytochemicals
. Encapsulatl'on' of actwe' Controlled release and Essential oils,
Nanoencapsulation compounds within protective . . .
. protection against degradation polyphenols
matrices
Liposomes Phosph01.1p1d vesicles carrying Blocompanbll.lty and targeted Curcumin, flavonoids
active compounds delivery
Polymeric Bioactive compounds entrapped Sustained release and Plant extracts, phenolic
Nanoparticles in polymeric matrices enhanced stability compounds
Solid Lipid Active compounds incorporated|| High stability and protection Volatile phytogenic
Nanoparticles (SLNs) into solid lipid matrices against oxidation compounds
Uniform polymeric particles || Improved bioavailability and Poorly soluble
Nanospheres .. . .. .
containing active compounds prolonged activity phytochemicals

*Major nanotechnology-based delivery systems investigated for the improvement of phytogenic

feed additive efficacy in animal nutrition.
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In ruminant nutrition, future research is expected to continue focusing on the modulation of rumen
fermentation and the mitigation of methane emissions. Although current findings are encouraging,
the mechanisms through which different phytogenic compounds influence ruminal microbial
communities remain incompletely understood. Furthermore, limited information is available
regarding the behavior, stability, and long-term effects of nanoencapsulated formulations within
the rumen environment. Addressing these knowledge gaps will be essential not only for improving
animal productivity but also for enhancing the environmental sustainability of livestock production
systems.

Another critical area requiring further investigation is safety assessment. Important questions
remain regarding the potential accumulation of nanoparticle-based systems in animal tissues, their
environmental fate, and the consequences associated with prolonged exposure. Consequently, the
successful integration of nanophytogenic systems into commercial animal production will require
comprehensive safety and risk assessment studies in addition to efficacy evaluations (Dumlu, 2024;
Qadeer et al., 2024). Taken together, the available evidence suggests that the future development
of nanophytogenic feed additives will depend less on the discovery of novel phytogenic compounds
and more on the design of reliable, economically viable, and scalable delivery systems capable of
maximizing the efficacy of existing bioactive substances (Figure 2).

Nanophytogenic ~ Protection During ~ Passage Through ~ Controlled  Interactionwith ~ Reduced Pathogens  Improved Animal ~ Sustainable Livestock
Feed Additive ~ Feed Processing ~ Gastrointestinal Tract ~ Release ~ Gut Microbiota  Improved Digestion  Performance Production
Enhanced Immunity

Figure 2. Mechanisms of Action of Nanophytogenic Systems in the Gastrointestinal Tract

Future research should therefore focus on elucidating the interactions between active compounds
and carrier matrices while simultaneously improving the commercial feasibility and practical
applicability of these technologies.

5. Conclusion

Phytogenic feed additives have become an important component of sustainable strategies aimed at
reducing the dependence on antibiotic use in animal production systems. Nevertheless, factors such
as limited stability, poor bioavailability, and sensitivity to environmental conditions may restrict
their practical effectiveness. Nanotechnology-based delivery systems have emerged as promising
tools for overcoming these limitations by enhancing the protection, stability, and targeted delivery
of bioactive compounds.
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Current evidence indicates that nanophytogenic systems offer considerable potential for supporting
intestinal health, improving animal performance, and reducing the environmental impacts
associated with livestock production. However, the widespread adoption of these technologies will
require the resolution of several outstanding challenges related to safety, standardization,
production costs, and regulatory approval. Accordingly, future research efforts should focus not
only on demonstrating biological efficacy but also on developing reliable, cost-effective, and
scalable delivery platforms capable of facilitating practical implementation under commercial
production conditions.

In conclusion, nanophytogenic systems represent a promising convergence of phytogenic feed
additives and nanotechnology. Their future success will depend on the extent to which scientific
advances can be translated into safe, economically sustainable, and commercially applicable
solutions for modern animal production systems.
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