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Abstract: Microencapsulation of polyphenols is an innovative approach in food technology by which
to protect these bioactive compounds from degradation and increase their bioavailability. Polyphe-
nols, naturally occurring in plants, exhibit potent antioxidant, anti-inflammatory and anticancer
properties, which make them valuable functional ingredients in foods. However, their susceptibility
to external factors, such as light, temperature and pH, presents a significant challenge for their incor-
poration into food products. Microencapsulation, based on various techniques and carriers such as
polysaccharides, proteins and lipids, allows polyphenols to be stabilized and released in a controlled
manner in the digestive system. This article reviews the different microencapsulation techniques,
carrier properties, and the applications of microencapsulated polyphenols in food products, including
bakery, dairy and functional beverages. Additionally, the article discusses the benefits and challenges
associated with this technology, highlighting its potential to improve the stability, nutritional value
and sensory acceptance of food products.
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1. Introduction

Polyphenols are a diverse group of bioactive compounds naturally found in plants,
where they play a crucial role in plant metabolism and serve as protective agents against
oxidative stress. [1]. Moreover, these compounds are particularly valued for their health-
promoting effects in humans, which include antioxidant, anti-inflammatory, anticancer,
and cardiovascular protective properties. Consequently, polyphenols are increasingly
utilized in food technology, both as natural preservatives and as functional ingredients that
enhance the nutritional value of food products [2,3]. Despite their considerable potential,
the application of polyphenols in the food industry presents several challenges. Notably,
the primary issues stem from their instability when exposed to various factors, such as
light, temperature, oxygen, or changes in pH, which can lead to a loss of bioactivity during
the production, storage, and processing of food products. Furthermore, polyphenols often
exhibit low bioavailability, limiting their effective absorption by the human body [4,5].

In response to these challenges, microencapsulation is a technology that offers a so-
lution. This process involves enclosing active compounds, such as polyphenols, within
microscopic capsules, which protect them from degradation, allow controlled release, and
improve bioavailability [6]. Importantly, microcapsules can be produced using various
materials, including polysaccharides, proteins, or lipids, which serve as protective barriers
while enabling the controlled release of polyphenols under specific conditions, such as in
the digestive system. Thus, it is possible to preserve the biological functions of polyphe-
nols, and consequently their health benefits, even after prolonged storage or intensive
processing [7]. In recent years, the microencapsulation of polyphenols has found a wide
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range of applications in various sectors of the food industry. For example, microencap-
sulated polyphenols are used as ingredients in functional products, such as beverages,
dairy products, and bakery items, where they serve both an enriching and a protective
role [8]. Additionally, microencapsulation technology has been applied to enhance the shelf
life of food products by inhibiting oxidative and microbial processes [9]. Consequently,
microencapsulation not only improves the stability of polyphenols but also increases the
value of food products, making them more attractive to consumers seeking healthy and
durable food solutions [10].

Therefore, the aim of this review article is to discuss the technology of polyphenol
microencapsulation, focusing on the various encapsulation methods and their applications
within the food industry. Moreover, the health benefits of microencapsulated polyphenols
and the future prospects of this technology will also be discussed.

2. Materials and Methods

For the literature review, the following search objective was defined: to assess the
potential use of microencapsulated polyphenols in selected foods. The inclusion criteria
included the use of microencapsulated polyphenols in the study, the use of specific food ma-
trices (baked goods, dairy products, beverages and functional foods, dietary supplements)
and the availability of a full publication in English. Studies that did not consider the above
factors were excluded. The Google Scholar open access database and the PubMed, Scopus,
Web of Science and ScienceDirect databases were used to search for articles. Articles were
searched using various combinations of keywords, as follows: polyphenols, microencap-
sulation, functional food, functional beverage, dairy (milk, yogurt), bakery (baked, bread,
cake, cookie), and supplement (dietary supplement). The review was based primarily
on recent studies published since 2020. Data extraction included article data, study aim,
methodology and results. Data were organized in a database using bibliographic tools.
Data were searched, extracted and reviewed by a team of researchers.

3. Polyphenols: Properties and Significance in Food
3.1. Polyphenol Classification

Polyphenols are natural chemical compounds abundant in various plant-based foods
and beverages, including fruits (e.g., berries, blackcurrants, grapes), vegetables (such as
onions, peppers, and broccoli), tea (particularly green and black varieties), coffee, red
wine, olive oil, and nuts. According to their chemical structure, they can be divided into
groups of flavonoids, phenolic acids, and non-flavonoids, including tannins, stilbenes
and lignans [11]. Flavonoids form the largest group of polyphenols, one which includes
subclasses of compounds such as flavonols, flavones, flavanones, flavanols, isoflavones,
and anthocyanins. Their main sources include spices, vegetables, fruits, tea, and wine.
Phenolic acids are the second largest group of polyphenols. They are the derivatives of
hydroxybenzoic acid and hydroxycinnamic acid. They are contained mainly in coffee,
cereals and some fruits. Tannins are a group of polyphenols present in tea, red wine,
dark chocolate and certain fruits such as berries and grapes. Due to their high ability
to combine with proteins, they cause a characteristic astringent taste [12,13]. Stilbenes,
including resveratrol, are found mainly in red wine and certain berries such as blueberries
and cranberries. Lignans are present in large quantities in flaxseed, as well as in seeds, nuts,
whole grains and vegetables [14,15]. The main polyphenolic compounds and their food
sources are presented in Figure 1.
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3.2. Biological and Functional Properties of Polyphenols

Polyphenols are a diverse group of phytochemicals known for their potent antioxidant
properties. They combat oxidative stress by neutralizing reactive oxygen species (ROS),
such as hydroxyl radicals and superoxide anions, which can damage cellular components
like DNA, proteins, and lipids. By scavenging ROS, polyphenols protect cells from the
oxidative damage that can lead to aging and various diseases. In addition to direct ROS
scavenging, polyphenols chelate transition metals such as iron and copper, which are
involved in free radical generation through Fenton and Haber–Weiss reactions. This further
reduces oxidative damage and enhances their protective properties [16,17]. Flavonoids,
a major subclass of polyphenols found in foods like citrus fruits and green tea, are partic-
ularly effective in reducing oxidative stress. They do so by modulating the expression of
antioxidant enzymes such as superoxide dismutase (SOD) and catalase, which play key
roles in the cellular defence against ROS. For instance, flavonoids in green tea have been
shown to increase the activity of these enzymes, thereby strengthening cellular antioxidant
defences and promoting health [18–21]. Besides their antioxidant activity, polyphenols are
also known for their anti-inflammatory effects. These compounds inhibit pro-inflammatory
signalling pathways, such as NF-kB and COX-2. NF-kB is a transcription factor that regu-
lates the production of pro-inflammatory cytokines, while COX-2 is an enzyme involved
in the synthesis of pro-inflammatory prostaglandins. By suppressing these pathways,
polyphenols reduce the levels of inflammatory markers, such as TNF-α and IL-6, which
are implicated in chronic diseases like atherosclerosis and neurodegeneration [22]. For
example, studies have demonstrated that regular consumption of green tea, which contains
flavonoids like epigallocatechin gallate (EGCG), can lead to a decrease in the expression
of these inflammatory markers. Polyphenols also have significant anticancer properties.
Resveratrol, a polyphenol found in red wine and grapes, is particularly well studied for
its anticancer effects. It exerts its anticancer action by modulating the key molecular path-
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ways involved in cell cycle regulation and apoptosis. Resveratrol inhibits the activity of
cyclin-dependent kinases, which control cell cycle progression, and promotes apoptosis by
activating caspases. Additionally, it inhibits the expression of anti-apoptotic proteins, such
as Bcl-2, enhancing the susceptibility of cancer cells to programmed cell death [23]. This
mechanism helps in the elimination of cancerous cells and reduces the risk of tumorigenesis,
especially in colon, breast, prostate, and melanoma cancers. Furthermore, polyphenols
have beneficial effects on vascular health. They enhance endothelial function by promoting
the production of nitric oxide (NO), a molecule that induces vasodilation and lowers blood
pressure. NO is produced by endothelial cells in response to polyphenol consumption,
leading to relaxation of smooth muscle cells in blood vessels and improved blood flow. This
mechanism is particularly beneficial for preventing cardiovascular diseases, as polyphenols
have been shown to reduce LDL cholesterol oxidation and improve vascular elasticity. Dark
chocolate, rich in polyphenols, has been linked to improved blood pressure and vascular
health, demonstrating its cardioprotective effects [24,25]. In metabolic health, polyphenols
improve insulin sensitivity and regulate lipid metabolism. Green tea catechins, such as
EGCG, enhance insulin signalling and promote glucose uptake in muscle cells, reducing
blood sugar levels, especially after meals. They also inhibit enzymes like alpha-glucosidase,
which reduces postprandial glucose spikes, offering benefits for individuals with type
2 diabetes or insulin resistance [26,27]. Additionally, polyphenols such as those found in
cocoa, have been shown to regulate lipid profiles by decreasing total cholesterol and triglyc-
eride levels. Polyphenols also act as prebiotics, influencing gut microbiota composition.
By promoting the growth of beneficial bacteria, such as Bifidobacterium and Lactobacillus,
polyphenols contribute to a healthier gut environment. Metabolism of polyphenols by gut
microbiota produces bioactive metabolites, such as phenolic acids, that further support
gut health by enhancing the production of short-chain fatty acids (SCFAs), which have
anti-inflammatory effects and promote intestinal barrier function. This prebiotic effect
underscores the role of polyphenols in supporting digestion, immune function, and overall
health [28,29]. Thus, polyphenols exert a wide range of biological and functional effects,
making them valuable in the prevention and management of chronic diseases such as
cancer, cardiovascular disorders, and metabolic diseases. Their ability to modulate the
oxidative stress, inflammation, and cellular pathways involved in health and disease pro-
cesses underscores their therapeutic potential. The classification of polyphenols and their
properties are presented in Table 1.

3.3. Application of Polyphenols in Food Technology

Polyphenols play a multifaceted role in food technology due to their diverse func-
tionalities. To provide a clearer structure and depth to their applications, this section is
divided into distinct categories, highlighting their contributions across various aspects of
food production and preservation.
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Table 1. Polyphenol groups, exemplary compounds and their properties related to human health.

Polyphenol Groups Subgroups Exemplary Compounds Sources of the Compounds Compound Properties References

Flavonoids

Flavonols Quercetin
Kaempferol

Onions
Apples
Broccoli
Garlic

Green tea
Red wine

Antioxidant properties
Anti-inflammatory and antihistamine properties

(alleviation of allergy symptoms)
Support of cardiovascular health by improvement

of blood vessel function

[30–33]

Flavones

Catechins

Green tea
Black tea

Cocoa
Apples

Antioxidant
Anti-carcinogenic

Regulation of glucose levels
Improvement of lipids metabolism

Cardiovascular system support

[34–39]

Apigenin

Celery
Chamomile

Chicory
Parsley

Anti-inflammatory
Anti-carcinogenic

Nervous system support
Sleep quality improvement

Natural calming remedy

[40–46]

Luteolin

Peppers
Celery
Thyme

Chamomile
Chicory

Antioxidant
Anti-inflammatory

Neuroprotective
Gut health improvement

[47–52]

Isoflavones
Genistein
Daidzein
Glycitein

Soy
Soy products

Chickpeas
Flaxseed

Strawberries
Raspberries
Red grapes

Antioxidant
Act as phytoestrogens—mimicking

oestrogen activity
Inhibition of the growth and regulation of the

apoptosis of cancer cells
Improvement of lipid profile
Glucose metabolism support

[53–56]
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Table 1. Cont.

Polyphenol Groups Subgroups Exemplary Compounds Sources of the Compounds Compound Properties References

Anthocyanins Cyanidin
Pelargonidin

Blackberries
Raspberries

Cherries
Red grapes

Black currant

High antioxidant properties
Improvement of cognitive functions

Cardiovascular system improvement, reducing the
risk of cardiovascular diseases

Eye health support

[57–61]

Flavanones Naringenin
Grapefruits

Oranges
Onions

Lipids and glucose metabolism improvement
Antioxidant

Anti-inflammatory
Cardiovascular system improvement

[62–66]

Non-flavonoids

Tannins

Proanthocyanidin tannin
Catechin tannin

Gallic tannin
Ellagic tannin

Hydroxybenzene tannin

Red wine
Green tea
Black tea

Cocoa
Blueberries
Raspberries

Nuts
Red grapes

Pomegranates
Herbs

Antioxidant
Anti-inflammatory

Glucose metabolism support
Immune system protection
Gut health improvement

[67–72]

Stilbenes Resveratrol
Pterostilbene

Red wine
Red grapes
Blueberries

Nuts
Almonds

Cocoa

Antioxidant
Anti-inflammatory

Blood pressure lowering
Improvement of cognitive functions and

neuroprotection, lowering the risk of
neurodegenerative diseases

[73–79]

Lignans Secorin

Flaxseed
Sesame

Nuts
Broccoli
Carrots

Cabbage
Whole grains

Antioxidant
Action as phytoestrogens—mimicking

oestrogen activity
Reduction of the risk of some cancers

(breast, prostate)
Lipid profile improvement

Glucose metabolism improvement

[80–86]
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Table 1. Cont.

Polyphenol Groups Subgroups Exemplary Compounds Sources of the Compounds Compound Properties References

Phenolic acids

Hydroxycinnamic
acid

derivatives

Coffee acid
Ferulic acid

P-coumaric acid

Coffee
Flaxseed

Nuts
Green tea
Black tea

Antioxidant
Blood pressure lowering

Lipid profile improvement
Anti-inflammatory

Inhibition of cancer cell proliferation and induction
of apoptosis

Prebiotic function
Glucose metabolism improvement

[87–91]

Benzoic acid
derivatives

Gallic acid
Ellagic acid

Protocatechuic acid

Green tea
Black tea

Nuts
Pomegranates

Raspberries
Strawberries

Herbs

Antioxidant
Anti-inflammatory

Anti-bacterial and anti-viral
Lipids and glucose metabolism regulation

Anti-carcinogenic

[92–94]
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3.3.1. Preservation and Shelf-Life Extension

Polyphenols function as natural preservatives, effectively inhibiting the growth of
bacteria, moulds, and yeasts. Their antibacterial, antifungal, and antioxidant properties
provide a clean-label solution for extending the shelf life of food products, reducing reliance
on synthetic preservatives [95,96]. The preservative effects of polyphenols stem from their
ability to disrupt microbial growth and prevent oxidative degradation. By scavenging
free radicals, polyphenols mitigate the oxidative processes that lead to the deterioration
of fats, proteins, and other sensitive components in food [97,98]. Polyphenol-rich extracts
have been successfully incorporated into a variety of food systems to prolong freshness
and maintain quality. For instance, rosemary and thyme extracts are widely used in baked
goods such as cookies, where they prevent lipid oxidation and stabilize flavour profiles
over time. Similarly, polyphenols derived from olive leaves and olive mill wastewater have
demonstrated efficacy in preserving edible oils, such as sunflower and olive oils. These
compounds protect against taste changes and nutrient loss, ensuring product stability
during storage. In meat products, polyphenols contribute to both microbial safety and
sensory attributes. By reducing lipid oxidation, they help maintain the colour and flavour
of processed meats while extending shelf life [99]. Additionally, polyphenols have been
incorporated into dairy and bakery products, where they improve the structural integrity
and prolong freshness. Innovative approaches, such as combining polyphenols with
encapsulation techniques, have further enhanced their stability and efficacy. Encapsulation
in liposomes or biodegradable polymers protects polyphenols from environmental factors,
enabling their controlled release and prolonged activity in food systems. The increasing
demand for natural preservatives aligns with the multifunctional benefits of polyphenols,
making them indispensable in modern food technology. Future research is anticipated
to focus on optimising their extraction, bioavailability, and application in diverse food
matrices [100].

3.3.2. Antioxidant Activity

The antioxidant properties of polyphenols are pivotal in preventing oxidative degrada-
tion, a primary factor contributing to the loss of food quality during storage. By scavenging
free radicals and inhibiting oxidation reactions, polyphenols help preserve the sensory
attributes, nutritional value, and safety of various food products [101]. Lipid oxidation
is a significant cause of rancidity in edible oils and fatty foods. Polyphenols, such as
hydroxytyrosol from olive leaves and extracts from rosemary, effectively inhibit oxida-
tive rancidity in products like sunflower oil and olive oil, thereby maintaining flavour
stability and extending shelf life. These natural antioxidants serve as an alternative to
synthetic preservatives, aligning with consumer preferences for clean-label products. In
meat products, polyphenols play a dual role by preventing lipid oxidation and preserving
colour and flavour. Oxidation in meat leads to off-flavours, discolouration, and nutrient
loss; polyphenols counteract these effects, ensuring product stability over time. Similarly,
in dairy products, polyphenols prevent the oxidative spoilage of milk fats, maintaining
sensory quality and reducing waste. The efficacy of polyphenols as antioxidants can be en-
hanced through synergistic combinations with other natural compounds, such as ascorbic
acid or tocopherols [102]. Additionally, encapsulation technologies protect polyphenols
from degradation during processing and storage, allowing for their controlled release and
sustained activity in food matrices. The integration of polyphenols into food systems is
anticipated to expand with advances in extraction and formulation techniques. Research
is focusing on tailoring polyphenol blends to specific food applications, optimising their
functionality while meeting regulatory and consumer demands for natural, sustainable
additives [103].

3.3.3. Antimicrobial Properties

Polyphenols exhibit significant antimicrobial activity, making them a promising tool
for enhancing food safety. Their mechanisms of action include disrupting microbial cell
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membranes, inhibiting metabolic enzymes, and damaging the genetic material of microor-
ganisms [104,105]. Polyphenols, such as flavonoids, tannins, and phenolic acids, interact
with the lipids and proteins of microbial cell membranes, altering their permeability. This
process compromises membrane integrity, leading to the leakage of ions and nutrients,
ultimately causing cell death. Moreover, polyphenols inhibit the enzymes crucial for mi-
crobial metabolism, such as ATPases, thereby limiting the microbes’ ability to replicate
and survive. Thanks to their antimicrobial properties, polyphenols are widely utilised in
various food products to mitigate spoilage and contamination risks. For instance, rosemary
and green tea extracts effectively suppress the growth of bacteria such as Listeria monocy-
togenes and Escherichia coli in processed meats. Similarly, polyphenols from pomegranate
and grape seeds are employed as natural antimicrobial agents in beverages and dairy
products [106]. The increasing consumer demand for clean-label products has driven the
adoption of polyphenols as natural preservatives. Their application allows manufacturers
to eliminate synthetic preservatives, such as nitrates and benzoates, while enhancing the
health benefits of food products. Despite their advantages, the use of polyphenols in the
food industry faces challenges such as chemical instability and limited water solubility. En-
capsulation techniques, including those associated with liposomes and nanoparticles, have
been developed to overcome these limitations, improving the bioavailability and efficacy
of polyphenols. As extraction technologies and food formulations evolve, the application
of polyphenols in the food industry is expected to grow. Research is increasingly focusing
on the synergistic effects of polyphenols with other natural bioactive compounds, which
may lead to the development of more effective and versatile solutions [107].

3.3.4. Colour Stabilization and Enhancement

Polyphenols play a vital role in enhancing the visual appeal of food products by
contributing to vibrant and stable colours. This is particularly important as consumers
often associate colour with freshness, quality, and flavour [108,109]. Flavonoids, especially
anthocyanins, are among the most prominent polyphenols contributing to the pigmentation
of fruits and vegetables. Anthocyanins impart red, purple, and blue hues to products such
as berries, grapes, and cherries, significantly enhancing their marketability. Their natural
colour intensity makes them ideal for use in processed foods and beverages, offering
an attractive alternative to synthetic dyes [110]. Polyphenols are increasingly used as
natural colourants in food formulations, meeting the demand for clean-label products.
For example, extracts from red cabbage, blackcurrant, and hibiscus, which are rich in
anthocyanins, are employed to provide vibrant colours in confectionery, yoghurts, and soft
drinks [111,112]. In addition to enhancing colour, polyphenols contribute to colour stability,
which is particularly important in products susceptible to discolouration during storage.
For instance, anthocyanins stabilise the colour of fruit-based beverages, preventing the
browning caused by enzymatic oxidation. Similarly, in confectionery and jams, polyphenols
help maintain a consistent appearance by interacting with other food components to form
stable colour complexes. Recent advancements have focused on improving the stability
of polyphenol-based colourants under varying pH, temperature, and light conditions.
Encapsulation techniques, such as microencapsulation and nano-emulsions, have been
utilised to protect polyphenols from degradation, ensuring their longevity in food products.
As consumer demand for natural and sustainable additives continues to grow, the use
of polyphenol-based colourants is expected to expand. Research into optimising their
extraction and application, as well as exploring new sources of vibrant polyphenols, remains
a focus of innovation in food technology [113,114].

3.3.5. Oxidation Inhibition in Fats and Oils

Polyphenols play a crucial role in stabilising fats and oils by inhibiting oxidative
degradation, a process that compromises flavour, aroma, and nutritional quality. Their
application is particularly valuable in high-fat products and frying oils, where oxidative
stability is a persistent challenge [115–118]. The antioxidant activity of polyphenols in fats
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and oils is attributed to their ability to scavenge free radicals, chelate metal ions, and inhibit
lipid peroxidation. By donating hydrogen atoms, polyphenols neutralise reactive oxygen
species, thereby interrupting the chain reactions that lead to the formation of harmful
secondary oxidation products. The incorporation of polyphenol-rich extracts from plant by-
products, such as grape seeds, olive leaves, and olive mill wastewater, has proven effective
in reducing oxidation rates. For instance, grape polyphenols enhance the stability of frying
oils by delaying the onset of rancidity, which extends the usability and sensory quality of the
oils [119]. Similarly, olive-derived polyphenols help maintain the freshness and nutritional
value of products like olive oil and margarine during storage. In addition to edible oils,
polyphenols are also utilised in high-fat foods such as mayonnaise, butter, and spreads,
where they act as natural stabilisers to prevent oxidative spoilage and extend shelf life.
Emerging technologies have enhanced the effectiveness of polyphenols in fat stabilisation.
Encapsulation methods, such as liposomal delivery systems and spray drying, protect
polyphenols from degradation and ensure their gradual release into lipid matrices. As
sustainability becomes a priority in the food industry, the use of polyphenols derived from
agricultural by-products offers an eco-friendly solution for oxidation inhibition. Ongoing
research aims to optimise extraction techniques and explore novel polyphenol sources,
further broadening their applications in fat and oil stabilisation [120].

3.3.6. Structural Improvement and Texture Modification

Polyphenols influence the structural properties and texture of food products by inter-
acting with proteins, fats, and polysaccharides. These interactions can result in significant
improvements in the stability, texture, and overall quality of a wide range of food prod-
ucts [121]. One of the key functions of polyphenols is their ability to stabilise emulsions,
preventing phase separation and enhancing the homogeneity of emulsified products. For
instance, polyphenols from grape seeds and green tea have been shown to improve the
stability of oil-in-water emulsions in dressings, mayonnaise, and sauces. This stabilising
effect ensures that the emulsion remains uniform, contributing to both the sensory appeal
and shelf life of the product [122]. Polyphenols also contribute to the structural integrity of
gel-based foods, such as jellies, jams, and desserts. When combined with polysaccharides
like pectin or agar, polyphenols can enhance gel formation, resulting in more stable and
resilient gels. This effect is particularly beneficial in products that require a firm and consis-
tent texture [123,124]. For example, polyphenols from tea and pomegranate extracts have
been found to increase the firmness of gels, ensuring they retain their shape and texture
during storage. Polyphenols interact with proteins to form more stable structures, which is
particularly important in protein-based gels such as those derived from egg whites. These
interactions help improve the texture and consistency of gelled products, contributing
to their firmness and smoothness. Studies have shown that polyphenols can enhance
the gel strength of egg white-based products, which is beneficial in applications such as
desserts and baked goods. In meat products, polyphenols are known to improve water
retention and enhance firmness, leading to improved texture and juiciness. For instance,
the incorporation of polyphenol-rich extracts from fruits such as pomegranate or grape
seeds has been shown to increase the water-holding capacity of meat, thereby improving its
tenderness and mouthfeel [125]. Additionally, polyphenols help reduce the loss of moisture
during cooking, which is crucial for maintaining the juiciness and overall quality of meat
products. With advances in food technology, the potential applications of polyphenols for
structural and texture modification continue to expand. Research into polyphenol–protein,
polyphenol–carbohydrate, and polyphenol–fat interactions is ongoing, with the aim of
developing new formulations that can further enhance the texture and sensory properties
of food products. Moreover, innovations such as encapsulation technologies are being ex-
plored to protect polyphenols during processing, ensuring their effectiveness in improving
food structure and texture [126].
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3.3.7. Nutritional Enrichment and Functional Foods

Incorporating polyphenols into food products enhances their nutritional profile, cater-
ing to the increasing consumer demand for functional foods that support health and well-
being. These bioactive compounds are recognised for their antioxidant, anti-inflammatory,
and cardioprotective properties, making them highly desirable ingredients in a range of
health-oriented food products, including beverages, snacks, yoghurts, and dietary supple-
ments [127–132]. The antioxidant capabilities of polyphenols are central to their inclusion in
functional foods. By neutralising harmful free radicals, polyphenols help mitigate oxidative
stress, which has been linked to the development of various chronic diseases, including
cardiovascular conditions, diabetes, and cancer. Additionally, the anti-inflammatory prop-
erties of polyphenols, such as those found in flavonoids and phenolic acids, contribute to
reducing inflammation in the body, which is crucial for the prevention of inflammatory
diseases. Polyphenols, particularly those found in red wine, tea, and certain fruits, have
been extensively studied for their cardioprotective effects. These compounds can help
reduce the risk of cardiovascular diseases by improving endothelial function, reducing
blood pressure, and lowering cholesterol levels. For example, anthocyanins from berries
and flavonoids from cocoa have been shown to enhance vascular health and reduce the
risk of heart disease. Polyphenols are increasingly incorporated into functional foods
designed to promote health and prevent disease. In beverages, such as fruit juices, teas, and
smoothies, polyphenols serve as natural antioxidants, contributing to the nutritional value
and health benefits of the product. In dairy products like yoghurts, polyphenols help mod-
ulate gut health by promoting beneficial microbiota and offering anti-inflammatory effects.
Furthermore, polyphenols are being included in snacks and dietary supplements aimed at
providing convenient, health-promoting solutions for consumers seeking to improve their
diet without resorting to synthetic additives. Enriching food products with polyphenols
offers a natural alternative to synthetic additives while simultaneously boosting the health
benefits of the product. Polyphenol-enriched functional foods have gained popularity in
the wellness market, where consumers are increasingly prioritising nutrition and natural
ingredients. For instance, the addition of green tea polyphenols to snacks, cereals, and
protein bars provides an easy way for consumers to access the health benefits of these
compounds. The potential of polyphenols as functional ingredients continues to grow, with
ongoing research focused on optimising their extraction, bioavailability, and effectiveness
in various food matrices. As demand for functional foods increases, future innovations may
include the development of novel polyphenol-enriched products that deliver enhanced
health benefits in a more bioavailable form, improving their overall impact on consumer
health [133].

4. Microencapsulation of Polyphenols
4.1. Microencapsulation Techniques

Microencapsulation is a technique of enclosing the active substances (e.g., polyphe-
nols) in a thin-film structure, forming microcapsules. The purpose of microencapsulation
is to protect the substances from adverse external conditions, such as light, oxygen, high
temperature and pH changes [134,135]. The process also allows for the controlled release
of substances, which increases their bioavailability and biological effectiveness [136,137].
Microencapsulation is based on several key principles. It ensures that bioactives are pro-
tected from degradation, allowing their retention of health properties for a longer periods
of time [138]. Further, with the proper design of capsules, the active substances can be
released under specific conditions, improving their bioavailability [139]. From a technology
approach, microcapsules should retain their stability both during storage and food process-
ing in order to preserve their health promoting properties. Moreover, the materials used to
produce microcapsules should be safe for health, which is particularly important for food
applications [140]. Microencapsulation can be carried out using a variety of methods that
vary in terms of technique, materials and applications. The microencapsulation methods
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include spray drying, freeze drying, emulsion-based encapsulations, encapsulation by
entrapment in liposomes, coacervation, fluidized bed coating and ionic gelation [141,142].

Extrusion is a process in which a mixture of ingredients (active ingredients, encap-
sulating materials and possible additives) is heated and passed through moulds to form
microcapsules. This is one of the simplest methods, but may require high temperatures,
which can affect the stability of some polyphenols [143]. The efficiency of the protection
of polyphenols using this method is at an average level. Taking into consideration the
degradation of polyphenols caused by high temperature, the biggest limitation of this
method is the need for temperature monitoring and optimization during the process [144].

In the emulsion-based method, the active ingredient is dissolved in oil and then
emulsified in water using emulsifiers. This process allows the formation of microemul-
sions, which can then be hardened to form microcapsules. This method is particularly
useful for polyphenols with low water solubility. Emulsification is an effective method
for the microencapsulation of polyphenolic compounds under various conditions. An
important advantage of polyphenols is their high stability, which supports their efficacy
in various applications. However, the primary limitations of this approach include the
necessity of using suitable emulsifiers and stabilizers to maintain their functionality and
bioavailability. [145,146].

Spray drying is one of the most widely used microencapsulation methods, involving
spraying a solution of the active ingredient in hot air, which leads to the evaporation of
the solvent and the formation of microcapsules. This method is effective in preserving the
properties of polyphenols but can lead to their degradation if the drying temperature is
too high. For this reason, it is necessary to monitor and optimize the temperature used
in order to limit thermal degradation of bioactive compounds, which can be a significant
limitation [10,147].

The freeze-drying process involves freezing the material containing the active sub-
stances and then evaporating the water by sublimation, which is the transition of water
directly from a solid state to a gaseous state. During this process, the active substances,
encapsulated in a protective matrix remain stable, as the action of low temperature and
vacuum minimizes their degradation. However, the freeze-drying process requires special-
ized equipment and a large amount of energy, making it time consuming and generating
high cost, which can be a disadvantage of this method [148,149].

Electro-spraying is a technique that uses an electric field to create micro- and nano-
capsules through the atomisation of a solution. After dissolving the active ingredients in
a polymer matrix, e.g., alginate or chitosan, the solution is passed through a capillary to
which a high voltage is applied. The force of the electric field breaks the liquid into tiny
droplets, which are transformed into particles under drying, resulting in the formation
of capsules. This method allows the production of highly stable capsules with a uniform
particle size [150,151]. Micro-fluidization is a technique based on passing fluids through
a system of microchannels at high pressure to form emulsions, nanoparticles or microcap-
sules. The active ingredients are dissolved or suspended in an aqueous or oil phase and
then combined with a matrix material. The mixture is passed through microchannels in
a microfluidizer at a pressure of 10,000 to 30,000 psi. The high shear stresses break up the
larger particles into nano- or microparticles, which are stabilised by the coating material.
This method produces stable emulsions and capsules with uniform particle size and high
bioavailability [152,153].

4.2. Encapsulation Carriers

Microencapsulation is a technology that enables the protection and controlled release
of bioactive compounds, such as polyphenols, by enclosing them within a carrier material.
In particular, the selection of an appropriate encapsulation carrier is essential for determin-
ing the stability, bioavailability, and release profile of polyphenols. Moreover, the carriers
used for microencapsulation can vary widely, including carbohydrates, proteins, lipids,
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and biopolymers, each offering unique benefits and limitations based on their structural
properties and interactions with polyphenols [154,155].

4.2.1. Carbohydrates

Carbohydrates are among the most commonly used materials in microencapsula-
tion, especially in the food industry, due to their low cost, availability, and safety. For
instance, maltodextrin and various starches are commonly employed as efficient encap-
sulation agents for polyphenols, ensuring their stability and controlled release in food
products. [156–158]. Notably, maltodextrin, a polysaccharide derived from starch, is widely
used for spray-drying encapsulation. Its high water-solubility, low viscosity, and neutral
taste make it an ideal carrier for polyphenols, particularly in the creation of powders.
As a result, maltodextrin forms a protective barrier around the polyphenol molecules,
shielding them from environmental factors such as heat, oxygen, and light, which can lead
to degradation. Additionally, maltodextrin improves the flow properties and stability of
encapsulated products, which are critical during storage [154,158,159]. Similarly, starch, an-
other commonly used carbohydrate, offers diverse structural forms (e.g., native, modified,
or resistant starches) and has excellent film-forming capabilities. In particular, starch-based
carriers protect polyphenols from enzymatic breakdown and environmental stressors while
also enabling the gradual release of the active compounds during digestion. Moreover, the
encapsulation efficiency of starch is often enhanced by modifying it with other agents, such
as β-cyclodextrins, which form inclusion complexes with polyphenols, further improving
their solubility and protection [154,158–161].

4.2.2. Proteins

Proteins, such as casein and gelatine, are effective encapsulation carriers due to their
amphiphilic nature, which allows them to interact with both hydrophobic and hydrophilic
compounds. This characteristic makes them ideal for stabilising polyphenols, which are
often hydrophobic and prone to oxidation [160,162]. For instance, casein, a milk-derived
protein, has been shown to encapsulate polyphenols effectively through methods such as
spray drying and coacervation. Furthermore, casein molecules naturally form micelles
in aqueous environments, which can trap polyphenols within their structure, providing
physical and chemical protection. Moreover, casein can enhance the bioavailability of
polyphenols by improving their solubility in the gastrointestinal tract [154,162]. Similarly,
gelatine, derived from collagen, is another protein frequently used for microencapsulation.
Thanks to its ability to form strong gels and films, it is suitable for encapsulating polyphe-
nols in both aqueous and lipid-based systems. Gelatine encapsulation not only protects
polyphenols from oxidation but also enhances their controlled release by responding to
environmental changes, such as temperature and pH. For instance, polyphenols encapsu-
lated in gelatine can be released in a controlled manner during digestion, optimizing their
bioactivity and improving their absorption in the gastrointestinal tract. [154,157,159].

4.2.3. Lipids

Lipid-based carriers, such as lecithin, play a pivotal role in encapsulating hydrophobic
compounds such as polyphenols. One of the primary advantages of lipid encapsulation is
the improvement in solubility, protection from oxidative degradation, and enhancement
of bioavailability [163,164]. For instance, lecithin, a natural phospholipid, is commonly
used in emulsification-based encapsulation techniques. It is notable for its ability to form
stable bilayer structures, similar to cell membranes, which can encapsulate polyphenols
within their hydrophobic core. This not only protects polyphenols from degradation but
also facilitates their absorption in the body by mimicking natural biological transport
mechanisms. Consequently, lecithin-based systems have been applied in various food
products, such as functional beverages and supplements, to deliver polyphenols with
improved stability and bioavailability [165,166]. Furthermore, lipid-based encapsulation
allows for the formation of liposomes and nano-emulsions, which are highly effective at
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encapsulating polyphenols [167]. These systems offer an additional benefit by providing
sustained release profiles, where the encapsulated polyphenols are gradually released into
the digestive system, ensuring a longer-lasting bioactive effect [168,169].

4.2.4. Biopolymers

In addition, biopolymers, such as chitosan, are increasingly being utilised in microen-
capsulation due to their biocompatibility, biodegradability, and functional versatility. For
example, chitosan, derived from chitin, a natural polymer found in the shells of crustaceans,
is particularly noted for its ability to form strong, stable films that can protect polyphenols
from degradation [156]. Moreover, chitosan is a positively charged polysaccharide that
readily interacts with negatively charged polyphenols through electrostatic interactions.
This interaction allows for efficient encapsulation and enhanced stability in aqueous envi-
ronments [170]. Additionally, chitosan encapsulation offers controlled release properties,
as the polymer is sensitive to pH changes, enabling the release of polyphenols in specific
areas of the gastrointestinal tract. Notably, chitosan has also been shown to possess an-
timicrobial properties, which can further enhance the shelf life and safety of encapsulated
polyphenols [171,172].

4.3. Impact of Carriers on Polyphenol Stability and Release

The selection of an appropriate carrier material is critical for ensuring the stability and
controlled release of encapsulated polyphenols. For instance, carbohydrate carriers, such
as maltodextrin and starch, are excellent for stabilising polyphenols in dry formulations,
protecting them from environmental degradation. Nevertheless, these carriers may not
always provide sufficient control over release kinetics, particularly in liquid systems [173].
On the other hand, protein-based carriers, such as casein and gelatine, offer more versatile
release mechanisms. In particular, they can protect polyphenols from oxidation and enzy-
matic breakdown while allowing for controlled release, particularly in response to digestive
conditions. Moreover, the amphiphilic nature of proteins enables them to interact with both
hydrophobic and hydrophilic polyphenols, improving their encapsulation efficiency and
bioavailability [174]. Similarly, lipid-based carriers, particularly lecithin, are highly effective
at encapsulating hydrophobic polyphenols and improving their solubility and absorption
in the body. These carriers are particularly well-suited for liquid formulations and offer
sustained release profiles. Likewise, biopolymer carriers like chitosan provide pH-sensitive
release mechanisms, which can enhance the targeted delivery of polyphenols to specific
regions of the digestive tract, optimising their bioactive effects [173]. In conclusion, the
choice of encapsulation carrier significantly influences the stability, bioavailability, and con-
trolled release of polyphenols. For example, carbohydrates provide good protection in dry
systems, proteins offer versatile release in both aqueous and solid matrices, lipids enhance
the absorption of hydrophobic polyphenols, and biopolymers such as chitosan enable
targeted release in the digestive system. Thus, each carrier type brings unique advantages
that can be tailored to the specific application and desired release profile of polyphenols in
food products [174]. Table 2 presents the carriers, applications and challenges of applying
microencapsulation of polyphenols in food technology.

4.4. Comparative Analysis of Encapsulated and Non-Encapsulated Polyphenols

The encapsulation of polyphenols represents a transformative advancement in food
technology, addressing several limitations of their native forms. This section provides
a comprehensive comparison of encapsulated and non-encapsulated polyphenols, focusing
on their activity, stability, bioavailability, and controlled release [175].

Polyphenols are celebrated for their potent antioxidant, antimicrobial, and anti-
inflammatory properties. However, their effectiveness in food applications is often com-
promised by environmental stressors, including heat, oxygen, and pH fluctuations. In
their non-encapsulated state, polyphenols degrade rapidly, which diminishes their activity
over time [176,177]. Encapsulation, particularly through methods such as spray drying,
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coacervation, or liposomal entrapment, offers a solution by enhancing their bioactive po-
tency. For instance, encapsulated polyphenols consistently maintain higher antioxidant
capacity during extended storage [178]. This improvement is attributed to the protective
physical barrier formed by encapsulation, which shields polyphenols from oxidative stress
and other destabilizing conditions [179]. Moreover, studies indicate that encapsulated
polyphenols are more resistant to environmental degradation, thereby preserving their
functionality more effectively than their non-encapsulated counterparts [180,181].

Stability, bioavailability, and release dynamics are pivotal to the application of polyphe-
nols in food systems. Non-encapsulated polyphenols often suffer rapid degradation under
light, oxygen, or heat exposure, significantly restricting their utility in processed foods.
Encapsulation mitigates these challenges by creating robust protective barriers through
techniques such as nanoparticle carriers or emulsions, thus prolonging shelf life and en-
hancing product reliability [176,182]. Bioavailability, defined as the fraction of an active
compound absorbed and utilized by the body, presents another critical limitation for non-
encapsulated polyphenols. Their poor water solubility, rapid gastrointestinal degradation,
and swift metabolism hinder absorption. In contrast, encapsulation enhances solubility
and provides protection against the stomach’s acidic environment, enabling delivery to the
intestine, where absorption is more efficient. Notably, encapsulated resveratrol has been
shown to achieve up to a threefold increase in bioavailability compared with its free form,
demonstrating the efficacy of encapsulation in overcoming bioavailability barriers [183].
Additionally, controlled release is a key advantage of encapsulation, allowing for the grad-
ual and targeted delivery of polyphenols either within food matrices or during digestion.
This capability not only optimizes the functional benefits of polyphenols but also ensures
a sustained impact over time. For example, encapsulated quercetin has demonstrated
a slow-release profile, extending its antioxidant activity in fortified beverages. Such inno-
vations are particularly valuable in the development of functional foods and nutraceuticals,
where consistent performance is critical [175].

The effectiveness of polyphenols in food systems is strongly influenced by their inter-
action with specific food matrices. Non-encapsulated polyphenols frequently encounter
issues such as precipitation, flavour alteration, and reduced solubility. Encapsulation
addresses these limitations by modulating interactions between polyphenols and their
surrounding environment [184]. In dairy products, encapsulated polyphenols have demon-
strated enhanced stability and bioactivity retention during storage. They also minimize
unfavourable interactions with proteins and lipids, preserving the sensory and nutritional
qualities of the product. Similarly, in baked goods, encapsulation improves thermal stability,
enabling polyphenols to retain their antioxidant properties even after exposure to high
baking temperatures [185,186]. In beverage applications, where stability and solubility are
paramount, encapsulated polyphenols effectively prevent precipitation and degradation.
This ensures the production of visually appealing and stable products. Furthermore, en-
capsulation masks undesirable flavours, such as bitterness, while preserving functional
benefits. This is especially beneficial for teas, juices, and functional beverages, where
taste and appearance significantly influence consumer acceptance [187]. In lipid-based
matrices like oils and spreads, encapsulated polyphenols act as efficient antioxidants, re-
ducing lipid oxidation and thereby extending shelf life. Encapsulation also facilitates the
uniform distribution of polyphenols, which is a challenge with their non-encapsulated
forms. These enhancements contribute to improved product performance and consumer
satisfaction [188]. Encapsulation technologies are highly adaptable and can be tailored to
meet the specific requirements of various food products. This versatility not only enhances
the functional properties of polyphenols but also increases their compatibility with diverse
food systems, ultimately improving product quality and consumer acceptability [189].
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Table 2. Microencapsulation of polyphenols: carriers, applications, and challenges in food technology.

Carrier Type Examples Characteristics Production
Methods Applications Advantages Challenges Impact on

Polyphenols References

Carbohydrates

Maltodextrin,
starch (native,

modified,
resistant),

β-Cyclodextrin,
alginate pectin,

gum arabic,
alginate complex,

cellulose
derivative

High water
solubility

Low viscosity
Neutral taste

Spray drying
Freeze drying
Coacervation

Functional
Powders (e.g.,

matcha)
Nutraceuticals

(curcumin tablets)
Beverages

(fortified juices,
sports drinks)

Protects polyphenols
from degradation,

cost-effective, excellent
film-forming abilities,
enhanced solubility

Enhances flow
properties and stability

during storage
Pectin and gum arabic

are particularly effective
for stabilizing

emulsions and powders,
enhancing

bioavailability

Limited control
over release in
liquid systems,

Possible
incomplete

protection during
long-term storage

Susceptible to
environmental

factors like
moisture in
certain cases

Maintains stability
during processing
Potentially slower

release rates

[161,190–195]

Proteins

Casein, gelatine,
whey protein

isolate (WPI), soy
protein isolate

(SPI), zein (corn
protein), egg
albumin, pea

protein,
silk fibroin

Amphiphilic
nature
Strong

gel-forming
abilities

High emulsifying
capacity

Coacervation
Spray drying

Gelation

Dairy products
(yogurt)

Supplements
(protein powders)

Snacks (protein
bars)

Protects polyphenols
from oxidation

Enables controlled
release

Improves solubility
Amphiphilic nature

enables interaction with
both hydrophobic and

hydrophilic
polyphenols, enhances

bioavailability
Zein and silk fibroin

offer excellent
encapsulation

properties, especially
for hydrophobic

polyphenols

Denaturation
during processing

Possible
allergenicity

Possible
interaction with

other food
components

May affect sensory
properties of final

product

Enhanced
bioavailability

Controlled release
in response to

digestive
conditions

[159,162,191,
194,196–198]
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Table 2. Cont.

Carrier Type Examples Characteristics Production
Methods Applications Advantages Challenges Impact on

Polyphenols References

Lipids

Lecithin,
liposomes,

nano-emulsions,
phospholipids,
phytosterols,
omega-3 fatty
acids, medium

chain triglycerides
(MCTs)

Forms stable
bilayers

Emulsifying
properties

Biodegradable

Emulsification
Liposome
formation

Functional
beverages
(liposomal

curcumin drinks)
Dressings

(polyphenol-
enriched

vinaigrettes)
Nutraceuticals

(soft gels)

Protects hydrophobic
polyphenols

Facilitates absorption
Provides sustained

release
Improves solubility and

absorption of
hydrophobic

polyphenols, offers
sustained release

Enhances bioactive
effects of polyphenols,

supports liquid
formulations, and has

synergistic
health benefits

High cost of
nano-emulsion

production,
potential stability

issues in
emulsified

systems
Expensive

May require
emulsifiers or
stabilizers to

maintain stability
over time

Increases
solubility and

absorption
Protects against

oxidation

[146,163,199–
203]

Biopolymers

Chitosan, alginate,
carrageenan,

polylactic acid
(PLA), xanthan
gum, pullulan,
agar, gelatine–
polysaccharide

blends

Biocompatible and
biodegradable

Strongly
film-forming

Mucoadhesive
properties

Ionic gelation
Spray drying
Coacervation

Functional foods
(probiotic yogurt)

Drug delivery
(resveratrol

capsules)
Edible films

(fruit coatings)

Efficiently interacts with
polyphenols

pH-sensitive release
mechanisms

Antimicrobial
properties

Biodegradable, offers
controlled release,

protects polyphenols in
pH-sensitive
environments

Versatile applications,
used in both liquid and

solid formulations,
suitable for

temperature-sensitive
compounds

Susceptible to
mechanical stress
during processing

Potential issues
with large-scale

industrial
application

Costly production
of some

biopolymers
Possible

interaction with
food matrix

affecting release
kinetics

Maintains
polyphenol

stability
Controlled release
in gastrointestinal

tract

[171,192,199,
204–208]
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5. Applications of Microencapsulated Polyphenols in Food
5.1. Bakery Products

In bakery products such as bread and pastries, polyphenols can interact with starch,
affecting its texture and structure during and after baking. The addition of polyphenols can
lead to a softer, crispier texture and can contribute to lowering the glycaemic index of baked
goods [209,210]. Plant extracts rich in polyphenols, such as those from cinnamon or tea,
are therefore sometimes used as functional additives in bakery products [211–213]. These
polyphenols can also reduce retrogradation—the hardening and aging of starch-based
products such as bread and pasta—thus helping bread stay fresh longer [214]. However,
the direct use of polyphenols in food products is often difficult due to their sensitivity
to environmental factors. Exposure to light, oxygen and high temperatures during food
processing and storage can degrade polyphenols, reducing their beneficial effects and
decreasing their stability. For this reason, microencapsulation technology is often used to
protect polyphenols from these external stressors [215,216]. Research on the application
of microencapsulated polyphenols has primarily investigated their impact on the sensory
attributes of baked goods, their influence on microbiological stability, as well as their
potential to reduce the glycaemic index and prolong the shelf life of bakery products.
One of the most significant properties of polyphenols in food products, including bread,
is their capacity to lower the glycaemic index. Research has examined the effects of
microencapsulated polyphenols extracted from plant sources on reducing the glycaemic
index. The addition of extracts was found to inhibit α-amylase and α-glucosidase, which led
to the reduction of starch digestion, resulting in a lowering of the glycaemic index [217–219].
Some studies have examined the effect of microencapsulated polyphenols on the texture and
structure of bread. It has been shown that polyphenols can bind to starch, leading to reduced
retrogradation, resulting in longer freshness and better texture of the product [220,221]. In
studies on bakery products such as cookies, the effect of microencapsulated polyphenols
on the sensory properties and stability of these products was analysed. It was found
that polyphenols improved the taste and aroma of the products, as well as their shelf
life [222,223]. The studies also examined whether microencapsulated polyphenols have
an antimicrobial effect in baked goods, helping to reduce the growth of microorganisms,
which contributes to the safety and shelf life of the products [224,225]. Sensory tests were
conducted in several studies to assess consumer acceptance of baked goods enriched with
microencapsulated polyphenols. The results were found to show that the products were
well received, suggesting that microencapsulated polyphenols can improve not only the
nutritional value, but also the taste and appeal of bakery products [221,225–227]. Through
this research, microencapsulated polyphenols are showing potential in the baking industry
to help improve the quality, safety and nutritional value of baked goods. The addition
of polyphenols resulted in improved nutritive and sensory characteristics, and improved
shelf-life of the products, which is particularly important in the context of the growing
interest in safe and healthy foods.

5.2. Dairy Products

Polyphenols show beneficial effects on dairy products, both in terms of their quality
and nutritional value [228,229]. Due to their antioxidant properties, they can prevent the
oxidation of fats in dairy products, which is particularly important for milk, yogurt or
cheese. Protection against oxidation helps maintain the freshness and flavour of prod-
ucts, and increases their shelf life [230–232]. In dairy products such as creams and sauces,
polyphenols can enhance emulsion stability, which affects texture uniformity and prevents
precipitation of ingredients. Polyphenols can affect the texture and consistency of dairy
products such as yogurts and cheeses, improving their density and stability, resulting in
a better sensory experience for consumers [233,234]. Polyphenols can also interact with
the fermentation microflora in yogurts and cheeses, which can improve the fermentation
process and affect the sensory and health properties of these products. Some polyphenols
may have prebiotic effects, promoting the growth of beneficial bacteria in the gut, further
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contributing to digestive health [235–237]. Existing research has analysed the use of mi-
croencapsulated polyphenols, such as those derived from green tea or berries, in yogurt
production. The study conducted by El-Messery et al. (2019) showed that the addition of
microencapsulated polyphenols can increase the antioxidant activity of yogurt, without
impairing its physical properties, and thus serve as a functional ingredient to enrich healthy
yogurts [186]. Some studies have investigated the effect of microencapsulated polyphenols
on the quality of cheese. It has been found that the addition of polyphenols can improve the
texture of cheese, prolong its shelf life and increase its antioxidant properties, which affect
the taste and flavour of the final product [238–240]. The studies have shown that microen-
capsulated polyphenols can promote emulsion stability, improve flavour and extend the
shelf life of milk and dairy drinks [241–243]. Studies on ice cream and milk-based desserts
have analysed the effects of microencapsulated polyphenols on their sensory properties
and stability. It was found that these additives can improve taste, texture and nutritional
properties [244–246]. The research also focused on evaluating the effect of microencapsu-
lated polyphenols in dairy products for their antimicrobial activity. It has been shown that
polyphenols can reduce the growth of pathogens in yogurts and cheeses, which increases
the microbiological safety of these products [247–252]. This research highlights the potential
of microencapsulated polyphenols as promising additives in the dairy industry, offering
improvements in the quality, nutritional value and shelf life of dairy products.

5.3. Functional Beverages

Functional beverages are one of the primary applications of microencapsulated poly-
phenols in the food industry. Polyphenols, known for their antioxidant properties, are
widely used to enhance the health benefits of beverages such as juices, energy drinks, and
isotonic drinks. However, polyphenols are highly sensitive to environmental factors such as
light, oxygen, and heat, which can significantly degrade their bioactivity during processing
and storage. Microencapsulation offers a solution by providing a protective barrier that
preserves polyphenols’ stability in these beverages [173,185]. For instance, the encapsu-
lation of polyphenols in liposomes or nano-emulsions can protect them from oxidation
and degradation during the thermal processing of juices [243]. Additionally, encapsulation
allows for controlled release, which ensures that the polyphenols remain bioactive until con-
sumed [253]. In addition to improving the stability of bioactive compounds, encapsulation
also enhances the sensory attributes of functional beverages. Unencapsulated polyphenols
often impart a bitter taste, which can negatively affect consumer acceptance. Encapsulating
these compounds in lipid-based carriers or carbohydrate matrices can mask the bitterness,
improving the overall flavour profile of the beverage. This is particularly important in
isotonic drinks, where maintaining a balanced flavour while delivering health benefits is
key [254,255]. Furthermore, encapsulation improves the bioavailability of polyphenols in
beverages. Many polyphenols are hydrophobic and poorly absorbed in the gastrointestinal
tract. By encapsulating them in carriers like lecithin or whey protein isolate, their solubility
is enhanced, leading to better absorption and increased health benefits. Examples of prod-
ucts on the market utilizing this technology include enhanced water beverages and sports
drinks fortified with encapsulated green tea extracts or resveratrol [185].

5.4. Dietary Supplements and Functional Foods

Dietary supplements and functional foods represent another growing sector for the
application of microencapsulated polyphenols. These products aim to deliver concentrated
doses of bioactive compounds, including polyphenols, to support health and well-being.
However, as with beverages, the stability and bioavailability of polyphenols in supple-
ments can be compromised due to environmental conditions and interactions with other
ingredients [2]. Microencapsulation significantly improves the effectiveness of polyphenol-
based supplements. For instance, polyphenols encapsulated in biopolymers like chitosan or
alginate not only protect them from degradation but also provide targeted release in specific
areas of the gastrointestinal tract. This targeted delivery enhances the bioactive effect of the
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polyphenols, allowing them to reach the bloodstream more effectively [256]. Additionally,
encapsulation helps in developing sustained-release formulations. In supplements such
as capsules or tablets, encapsulated polyphenols can be engineered to release gradually,
providing long-lasting health benefits. This is particularly advantageous for polyphenols
like curcumin, which has a short half-life in the body. Through encapsulation, curcumin
can maintain its therapeutic levels in the bloodstream over a longer period [257]. More-
over, the sensory properties of functional foods are also improved through encapsulation.
Polyphenols, when incorporated into food products like protein bars or fortified snacks,
may impart undesirable flavours or cause textural issues. Microencapsulation prevents
these negative sensory impacts by masking the taste or altering the release mechanism,
ensuring that the polyphenols are only released once consumed and digested [7]. On the
market, a variety of functional foods and dietary supplements incorporate encapsulated
polyphenols. For example, supplements containing encapsulated grape seed extract or
green tea polyphenols are popular for their antioxidant properties. Similarly, functional
food products like breakfast cereals and protein bars are often enriched with encapsulated
resveratrol or quercetin to enhance their health-promoting qualities [193,197].

6. Benefits and Challenges of Polyphenols Microencapsulation
6.1. Benefits

The application of microencapsulation technology offers numerous advantages, with
one of its primary benefits being the effective protection of polyphenols against degrada-
tion. Plant extracts rich in polyphenols are highly susceptible to oxidation and degradation
when exposed to environmental factors such as light, elevated temperatures, and oxygen.
Microencapsulation creates a protective barrier that preserves the biological activity of
polyphenols for a longer period of time. As a result, food products enriched with microen-
capsulated polyphenols can exhibit better antioxidant properties, which contributes to their
longer shelf life and stability [149,258–260].

Further, microencapsulation allows for the controlled release of polyphenols, meaning
that the substances can be released under appropriate conditions, such as during digestion.
This strategy can increase the bioavailability of polyphenols in the body, which translates
into their beneficial effects on health. In the case of foods such as bread or yogurt, mi-
croencapsulation can ensure that polyphenols are gradually released, improving their
bioavailability [261,262].

Microencapsulated polyphenols can significantly enrich the nutritional value of food
products. Because polyphenols have health improving properties, their addition to foods
can help promote healthy lifestyles [263,264]. For example, bakery products enriched with
microencapsulated polyphenols can support cardiovascular health, lower blood pressure,
and have a beneficial effect on lipid profile [265].

Microencapsulation can also improve the sensory properties of food products. Polyphe-
nols can impart specific flavours and aromas to foods. Microencapsulation can control
the intensity of these flavours, making it possible to create more appealing products for
consumers. In addition, by stabilizing flavours, unwanted changes in taste during storage
can be avoided [266,267].

Thanks to the antioxidant effect of microencapsulated polyphenols, the shelf life of
food products can be extended. Protecting against fat oxidation in dairy, meat and bakery
products is crucial to maintaining their quality and freshness [268]. Microencapsulation
makes it possible to increase the resistance of products to microbial spoilage, which is
important for a longer shelf life [269,270].

6.2. Challenges

One of the main challenges associated with the microencapsulation of polyphenols
is production costs. The microencapsulation process requires specialized equipment and
materials, which can raise costs compared with traditional food processing methods. The
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food industry, especially for small producers, may find it difficult to introduce microencap-
sulated polyphenols due to high investment costs [271,272].

Another crucial factor to achieving effective polyphenol protection is the choice of
the right microencapsulation materials. These materials must be biocompatible, non-toxic
and well tolerated by the human body. However, not all materials are equally effective
in protecting polyphenols from degradation, which can affect their bioavailability and
efficacy [273]. Therefore, further research is needed to optimize encapsulating materials.

Although microencapsulation allows for the controlled release of polyphenols, there
are challenges in optimizing this process. The release can be too fast or too slow, affecting the
effectiveness of the polyphenols. There is a need for further research on release mechanisms
to better understand the possible adjustment of the microencapsulation process for different
food applications [274,275].

Another obstacle to the introduction of microencapsulated polyphenols into food
products is consumer acceptance. Changes in food formulation, including the introduction
of new additives, may cause reluctance among consumers [140,276,277]. Therefore, it is
important to conduct information and education activities to convince consumers of the
health benefits of microencapsulated polyphenols.

In the context of the growing importance of sustainability, microencapsulation of
polyphenols must also address the environmental and social aspects of production. The
selection of raw materials, the production process and the environmental impact should
be taken into account to ensure that microencapsulated polyphenols are produced in an
environmentally friendly manner [278–280].

Equally important are the difficulties associated with scaling up processes from the
laboratory to industrial production. Microencapsulation techniques require the use of
specialized equipment that may not be easily available on an industrial scale. The transition
from laboratory to mass production requires significant technological investment and
optimization of process parameters. In addition, some techniques have low capacities,
which may limit large-scale production.

From a technological point of view, the cost of materials—both core and matrix of
the capsules, as well as the energy consumption of microencapsulation processes—is also
a limitation. This generates additional costs for the final product, which may result in a
negative perception from consumers. In addition, material losses are significant in some
processes, which reduces the overall production effectiveness. In order to reduce the impact
of these difficulties, it is possible to optimize encapsulation processes, use industrial waste
as encapsulation materials, automate production lines and further research and develop
microencapsulation techniques [143,281,282].

Table 3 presents the possible applications, benefits and challenges of the use of mi-
croencapsulated polyphenols in food technology.

Table 3. Applications, benefits, and challenges of microencapsulated polyphenols in food technology.

Application Description Examples of
Polyphenols Benefits Potential

Challenges
Literature

References

Antioxidants

Microencapsulation
enhances the stability of

polyphenols with
antioxidant properties,

allowing them to be
effectively used in foods
to inhibit lipid oxidation
processes and prevent
protein and vitamin

degradation, preserving
sensory quality and

nutritional value

Quercetin,
resveratrol, ellagic
acid, epicatechin,

flavonols
(e.g., kaempferol),
catechins, tannins

Enrichment of food
products with

antioxidants that
extend their shelf life

by delaying
oxidation processes,
protecting against

spoilage and sensory
changes (taste,
aroma, colour),

which is crucial in
high-fat foods

Sensitivity of
polyphenols to

high temperatures
and humidity

during thermal
processing and
storage, which

may lead to
capsule

breakdown

[201,283–285]
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Table 3. Cont.

Application Description Examples of
Polyphenols Benefits Potential

Challenges
Literature

References

Flavour and
aroma

enhancement

Microencapsulated
polyphenols enable
controlled release of
flavour and aromatic

compounds, improving
the sensory quality of

food and ensuring
greater consumer

acceptance. They can
also mask undesirable

tastes, such as bitterness

Gallic acid,
epicatechin,

chlorogenic acid,
proanthocyani-
dins, apigenin

Potential to modify
the flavour profile of
products, enabling

the creation of
appealing food

products, while also
masking the

bitterness of some
polyphenols

Polyphenols may act
synergistically with
other ingredients to
create more complex

flavour profiles

Optimisation of
concentrations to
avoid excessive
flavour intensity
and interactions

between
polyphenols and
other ingredients,
which may affect

stability
and release

[285–288]

Health Benefits

Polyphenols have
proven

anti-inflammatory,
anticancer, and
cardiovascular-

supporting properties,
and microencapsulation

increases their
bioavailability by

protecting them from
degradation in the

digestive tract,
enhancing their

health effects

Polyphenols from
green tea

(epigallocatechin
gallate),

anthocyanins,
flavonoids,

rosmarinic acid,
quercetin,
resveratrol

Enrichment of food
products with

bioactive
compounds that
support health

through antioxidant
and free-radical

scavenging actions,
which may

contribute to the
prevention of

chronic diseases,
such as

cardiovascular
diseases, diabetes,

and cancer

Varied
bioavailability

depending on the
food matrix and

individual
consumer

physiological traits
The need to

develop optimised
therapeutic doses

[201,289–291]

Colour
Stabilisation

Microencapsulation
protects the polyphenols
responsible for natural

colours (e.g.,
anthocyanins) from

external factors, such as
light, oxygen, and

temperature, helping to
maintain the aesthetic
appeal of the product

over a more
extended period

Anthocyanins
(from berries, red
cabbage, aronia),

flavonoids,
ferulic acid

Preservation of an
attractive

appearance in
products (especially

beverages, juices,
fruit preserves),

which is an
important factor in

consumer
purchasing decisions.
Microencapsulation

supports colour
stability during

storage, protecting
against fading and

loss of intensity

Sensitivity to pH
changes that may

impact colour
stability

Polyphenols may
degrade under

light and
heat exposure

[159,292]
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Table 3. Cont.

Application Description Examples of
Polyphenols Benefits Potential

Challenges
Literature

References

Antimicrobial
Protection

Polyphenols exhibit
antibacterial and

antifungal properties,
and their

microencapsulation
enables controlled

release, supporting food
preservation without the

need for
artificial preservatives

Ferulic acid,
flavonoids,

protocatechuic
acid, rutin, caffeic
acid, procyanidins

Reducing the risk of
food spoilage thanks

to the ability of
microencapsulated

polyphenols to
inhibit bacterial and
fungal growth. This

contributes to
extending product

shelf life and
reducing losses

associated
with spoilage

Efficacy may vary
depending on the

type of
microorganisms
and food matrix

Need to investigate
potential side
effects with

long-term use.

[289,292–294]

7. Conclusions

Microencapsulation of polyphenols offers innovative opportunities in the applica-
tion of these compounds in the food industry, enabling better utilization of their health-
promoting properties. Polyphenols are widely valued for their antioxidant, anti-
inflammatory and anti-cancer activities, but their instability to light, temperature and
low bioavailability pose challenges in their direct use in food. Microencapsulation technol-
ogy solves these problems by protecting polyphenols from external agents and enabling
their controlled release in the digestive system. The use of different carriers, such as
polysaccharides, proteins and lipids, provides a wide range of possibilities to modify the
properties of the capsules, adapting them to different food products, including bakery
products, dairy products and functional beverages.

The advantages of microencapsulation include increasing the stability of polyphenols,
extending their shelf life in food products, and improving their bioavailability, which
contributes to higher nutritional value and better sensory acceptance. In addition, mi-
croencapsulation allows for the controlled release of polyphenols, which can enhance their
biological efficacy. Disadvantages of this technology, however, include high production
costs, the need for specialized equipment, and the risk of incomplete protection or too rapid
a release of active ingredients in some food matrices. Despite these challenges, microencap-
sulated polyphenols have the potential to become an important ingredient in modern food
products, joining the trend of functional and health foods.

Author Contributions: Conceptualization, W.B.; methodology, W.B.; investigation, W.B.; resources,
W.B.; data curation, W.B.; writing—original draft preparation, W.B., A.S. (Arkadiusz Szpicer) and
A.S. (Adrian Stelmasiak); writing—review and editing, W.B., A.S. (Arkadiusz Szpicer), and I.W.-K.;
visualization, W.B.; supervision, A.S. (Arkadiusz Szpicer) and A.P.; project administration, W.B.;
funding acquisition, A.S. (Arkadiusz Szpicer) and I.W.-K. All authors have read and agreed to the
published version of the manuscript.

Funding: Research financed by the Polish Ministry of Science and Higher Education within funds of
the Faculty of Human Nutrition and Consumer Sciences, Warsaw University of Life Sciences (WULS),
for scientific research.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors declare the availability of the data and material.

Conflicts of Interest: The authors declare no conflicts of interest.



Appl. Sci. 2024, 14, 11954 24 of 35

References
1. Alu’datt, M.H.; Alrosan, M.; Gammoh, S.; Tranchant, C.C.; Alhamad, M.N.; Rababah, T.; Zghoul, R.; Alzoubi, H.; Ghatasheh, S.;

Ghozlan, K.; et al. Encapsulation-Based Technologies for Bioactive Compounds and Their Application in the Food Industry: A
Roadmap for Food-Derived Functional and Health-Promoting Ingredients. Food Biosci. 2022, 50, 101971. [CrossRef]

2. Dahiya, D.; Terpou, A.; Dasenaki, M.; Nigam, P.S. Current Status and Future Prospects of Bioactive Molecules Delivered through
Sustainable Encapsulation Techniques for Food Fortification. Sustain. Food Technol. 2023, 1, 500–510. [CrossRef]

3. Aatif, M. Current Understanding of Polyphenols to Enhance Bioavailability for Better Therapies. Biomedicines 2023, 11, 2078.
[CrossRef] [PubMed]

4. Akbarbaglu, Z.; Peighambardoust, S.H.; Sarabandi, K.; Jafari, S.M. Spray Drying Encapsulation of Bioactive Compounds within
Protein-Based Carriers; Different Options and Applications. Food Chem. 2021, 359, 129965. [CrossRef] [PubMed]

5. Qazi, H.J.; Ye, A.; Acevedo-Fani, A.; Singh, H. Delivery of Encapsulated Bioactive Compounds within Food Matrices to the
Digestive Tract: Recent Trends and Future Perspectives. Crit. Rev. Food Sci. Nutr. 2024, 1–22. [CrossRef]
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247. Popescu, L.; Cojocari, D.; Lung, I.; Kacso, I.; Ciorîţă, A.; Ghendov-Mosanu, A.; Balan, G.; Pintea, A.; Sturza, R. Effect of
Microencapsulated Basil Extract on Cream Cheese Quality and Stability. Molecules 2023, 28, 3305. [CrossRef]

248. Popescu, L.; Cojocari, D.; Ghendov-Mosanu, A.; Lung, I.; Soran, M.L.; Opriş, O.; Kacso, I.; Ciorîţă, A.; Balan, G.; Pintea, A.; et al.
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