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industry
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Pomegranate peel comprises a vital source of bioactive constituents such as antioxidants, fiber, vitamins,
and minerals. This review delivers a comprehensive outline of using pomegranate peel waste as a source
of bioactive compounds for encapsulation in the food industry. The encapsulation methods from
pomegranate peel studies, including spray drying, coacervation, ionic gelation, and freeze drying, and
their characterization are explored from previous studies. The importance of encapsulation in improving
the controlled release of anthocyanin and phenolic content, thereby enhancing their functionality in
food products is mentioned. Furthermore, the review highlights the potential of encapsulation to reduce
waste in the food industry. The applications of a combination of wall materials and encapsulation
techniques in preserving pigments, flavors and aromas, enhancing nutritional value, and extending shelf
life are also stated. Through a thorough analysis of encapsulation methodologies and applications, this
review offers valuable insights into the potential of pomegranate peel encapsulation as a sustainable
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solution for enhancing food products.

Pomegranate peel waste is transformed into useful functional components rich in antioxidants, fiber, vitamins, and minerals by encapsulation technology.
Bioactive chemicals are protected by this mechanism, which also improves their stability, bioavailability, and regulated release. Spray drying and freeze drying
are important techniques that enhance the quality and preservation of food. These methods provide a range of uses in food and stable bioactive substances.

Encapsulation promotes sustainability in the food business by offering chances for waste reduction, creative product development, and enhanced profitability.

By using this method, waste is decreased and functional foods with improved health benefits are produced.

1. Introduction

Pomegranates, scientifically referred to as Punica granatum L.,
belong to the Punicaceae species." Pomegranate has been uti-
lised in diverse medicinal traditions for treating and addressing
a broad spectrum of illnesses and health issues.”> Since pome-
granates are usually eaten raw or juiced, a large amount of peel
waste is produced. In addition to providing health advantages
including antioxidants and anti-inflammatory qualities, pome-
granate peels also include vital bioactive substances such as
fiber, vitamins, and minerals that help mitigate and treat
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chronic metabolic problems.® Utilizing these bioactive compo-
nents from pomegranate peels as functional ingredients can
enhance the value of the pomegranate industry by effectively
utilising by-product resources.*

Pomegranate peel and its extract have important technical
functions as well, such as antioxidant, antibacterial, natural
colorant, and flavor enhancer, in addition to their nutritional
value. They may also be beneficial natural food additives for
preserving and improving the quality of food.> Various tech-
niques, including agglomeration, coacervation, and encapsu-
lation, are employed to enhance stability, provide protection,
and achieve controlled release. Among these methods, encap-
sulation is utilized in this context.

The process by which one material, or a combination of
elements, becomes trapped within another material is known as
encapsulation. Dordevic et al. (2014)° stated that the process of
encapsulation involves trapping one material inside another,
producing particles that are between a few nanometers and

Sustainable Food Technol,, 2025, 3,123-144 | 123


http://crossmark.crossref.org/dialog/?doi=10.1039/d4fb00196f&domain=pdf&date_stamp=2025-01-18
http://orcid.org/0000-0002-3875-1286
http://orcid.org/0000-0003-3454-413X
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fb00196f
https://pubs.rsc.org/en/journals/journal/FB
https://pubs.rsc.org/en/journals/journal/FB?issueid=FB003001

Open Access Article. Published on 18 November 2024. Downloaded on 6/2/2026 1:22:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

|
bl

Sustainable Food Technology

a few millimeters in size. The product or material inside is
called the payload, internal phase, fill, active agent, or core
material; the material surrounding the core is called the wall
material, shell, carrier material, external material, or matrix.”®
The primary materials utilized for food industry encapsulation
consist predominantly of biomolecules. Carbohydrates, lipids,
proteins, and natural polymer gums serve as wall materials
employed for encapsulation purposes. Starch and its derivatives
are the materials most frequently used for encapsulation in
culinary applications, which include amylose, amylopectin,
dextrins, maltodextrins, polydextrose, syrups, cellulose, and
their derivatives. Marine extracts such as alginate and carra-
geenan, as well as exudates from plants and extracts such as
gum arabic, gum tragacanth, and gum karaya, are used in
a variety of situations.’

Encapsulation improves both the thermal and chemical
stability of pigments while also increasing their bioavailability
by allowing the regulated release of bioactive substances such
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as phenolics and anthocyanins at particular times and loca-
tions. Encapsulation provides an increased shelf life for bioac-
tive compounds or the core material. It protects the core
material against environmental effects such as light, tempera-
ture, and water. It also aids in altering the physicochemical
properties of the encapsulated product.’®** The particle size,
which may be altered by different manufacturing methods, is
a significant aspect of encapsulation technology."
Encapsulated products can be utilized as functional food
additives because they offer so many health benefits. Encap-
sulated bioactive compounds are added to food for enhanced
oxidation and microbial proliferation, as well as fortification,
coloring, and enrichment purposes. The incorporation of
encapsulated bioactive substances into foods leads to the
proliferation of well-known functional foods. Waste from the
food industry such as peels, leaves, seeds etc. from fruits,
vegetables or any other raw material can be significantly
reduced with the help of encapsulation.*® Spray drying, freeze
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drying, ionic gelation, coextrusion, electrospinning, electro-
spraying, and coacervation represent a range of encapsulation
techniques employed in various applications. Spray-drying,
coacervation, and freeze-drying are more widely used encapsu-
lation techniques to produce enclosed bioactive chemicals from
fruit and vegetable by-products.® Flavors and aromas consist of
organic compounds with a small molecular size. Notably vola-
tile, these chemicals are very susceptible to air, heat, light, and
moisture. In the flavor and fragrance sector, encapsulation is
a commonly used approach to protect flavor and aroma prop-
erties. When it comes to processed foods, flavor and aroma are
lost throughout the production stage and during the product's
subsequent storage. It is possible to utilize pre-encapsulated
volatile components in a variety of foods and drinks to lessen
the severity of this deterioration and maintain the taste and
scent."®

Encapsulated aroma and flavor substances are frequently
utilized in the baking industry because of their exceptional
stability, ease of measuring, and ease of storage. They are
usually found in powdered form. Ingredients such as starch, soy
flour, or wheat flour are utilized in the baking business as
carriers for encapsulated ingredients. As an alternative, liquid
forms such as emulsions are also used in many baked goods.
The food sector has limitations in using some antioxidants
because of their strong pigmentation and unique taste.**

Encapsulation has shown to be a successful method for
increasing the availability and bioactive compound stability, in
addition to providing control over their release."® Chezanoglou
and Goula (2023)'° stated that co-crystallization of phenolic
extracts offers distinct advantages when compared to tradi-
tional encapsulation methods. Phenolic compounds are given
a solid-state structure by co-crystals, which strengthens their
chemical stability and provides protection against deterioration
and oxidation. Improved solubility, dissolving rates, and
increased bioavailability are made possible by controlled co-
crystallization. The addition of other excipients, such as natu-
rally occurring polymers and surfactants, can also enhance the
stability and functional properties of phenolic encapsulated
materials, which are made possible by this co-crystallization
process. This comprehensive review focused its attention on
encapsulation techniques, thoroughly analyzing their method-
ologies and applications. This review also examined how these
techniques affect the physicochemical properties of encapsu-
lated compounds.

2. Bioactive compounds

Fruits, vegetables, and plants all contain a variety of bioactive
substances, offering a range of health benefits, primarily
through their antioxidant properties. Nevertheless, these
compounds are vulnerable to environmental factors due to their
low stability. As a result, the concept of encapsulation has arisen
as a means to enhance their resilience and create a more precise
delivery system. The primary bioactive substances commonly
discovered in pomegranate peel extract include punicalagin,
gallic acid, ellagic acid, anthocyanins, and flavonoids as
mentioned in Table 3. Anthocyanins enhance the vibrant tones
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present in berry-type fruits. Robert and Fredes (2015)" stated
that serving as natural colorants, anthocyanins are associated
with diverse biological and pharmacological advantages, such
as anti-inflammatory, antioxidant, and chemoprotective prop-
erties.'® Punicalagin is among the major compounds found in
peels of pomegranate, characterized by its high molecular
weight, and is regarded as a distinctive feature of this fruit
component. Punicalagin offers various potential therapeutic
benefits, including anti-proliferative, anti-inflammatory, hep-
atoprotective, and antigenotoxic properties.*® Ellagic acid (EA)
demonstrates various properties including antioxidative, anti-
hepatotoxic, antisteatosic, anticholestatic, antifibrogenic, anti-
hepatocarcinogenic, and antiviral effects. The characteristics
aforementioned contribute to improving the structure and
function of the liver, offering resistance to various harmful
conditions. The molecular mechanisms responsible for the
impacts of EA encompass the elimination of reactive oxygen
species, management of both stages I and II biotransformation
enzymes, adjustment of the synthesis of inflammatory and
fibrotic cytokines, and control of metabolic pathways associated
with lipid metabolism, along with preservation of optimal levels
of essential trace elements.”**" Gao et al. (2019)** discussed the
medicinal benefits of gallic acid, including its potential as an
antibacterial, anti-allergy, anti-inflammatory, and antioxidant
agent. Gallic acid has been observed to possess both prooxidant
and antioxidant properties. Its prooxidant effects are particu-
larly noted for its potent anticancer and apoptosis-inducing
abilities in their studies. Flavonoids are increasingly recog-
nized as essential ingredients in many pharmacological,
medical, cosmetic, and nutraceutical products. The reason for
this recognition is their ability to control essential cellular
enzyme activities in addition to their antioxidative, anti-
inflammatory, anti-mutagenic, and anti-carcinogenic proper-
ties, as depicted in Table 3. The significance of flavonoids was
further emphasized with the revelation of their role in reducing
cardiovascular mortality rates and preventing coronary heart
disease.”>**

A range of techniques have been created over time to create
food delivery systems. Initially, the most common conventional
techniques used to create microcapsules were complicated
coacervates, which included proteins and polysaccharides. An
illustration of the difficulties encountered in orally delivering
bioactive compounds includes the unpalatable taste of
substances such as saponins and tannins, which consumers
find unsuitable for direct consumption. Additionally, hydro-
phobic chemicals, such as carotenoids, have restricted solu-
bility, which hinders the body's ability to dissolve and absorb
them.”

For the enhancement of accessibility, timing of the release,
and accuracy of delivery for bioactive substances micro- and
nanoencapsulation can be utilized effectively.”®*” The surface
area of micro- and nanosystems is closely correlated with the
release rate of bioactives, whereas particle size has an inverse
effect on this relationship. Thus, lowering particle size to
increase surface area causes an increase in the rate at which
bioactives are released. Encapsulating substances for delivery
systems can be selected from natural biomaterials that satisfy
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the Generally Recognized As Safe (GRAS) standards.?® Proteins,
lipids, and polysaccharides are food-grade materials that can be
utilized to produce biologically derived micro- and nanosystems
for the food industry. These materials are used to encapsulate
different compounds, as shown in Table 2. These can be used
individually or in combination to create intricate delivery
systems. A deep awareness of the characteristics of the bioactive
and the makeup of the matrix of foods through which these
substances will be included are prerequisites for choosing the
right bio-based material. Delivery systems based on poly-
saccharides are generally classified based on their natural
sources, which can be microorganisms (dextran and xanthan
gum), animals (chitosan), algae (alginate and carrageenan), and
plants (pectin, guar gum, starch, and cellulose).* The most
commonly used natural polysaccharides in the creation of
micro- and nano-delivery systems encompass gums such as
xanthan gum, chitosan, alginate, and carrageenan. Chitosan is
a hydrophilic linear polysaccharide that is well-known for
improving cell membrane permeability among them all. This
feature increases the delivery system's duration of residence in
the gastrointestinal tract, which ultimately improves the
accessibility of bioactive substances.*

Refining the essential production parameters in a protein-
based delivery system relies heavily on a comprehensive
understanding of protein molecules' attributes, which encom-
pass chemical degradation processes, isoelectric points, and
denaturation temperature. This underscores the significant
importance of thoroughly examining protein molecules within
this system.** Compared to alternative delivery systems, the
lipid-based delivery system has several benefits, including the
capacity to hold onto substances with a wide range of solubil-
ities, especially those with notable hydrophobic qualities. This
capability ensures the stability of bioactive compounds during
storage, effectively shielding them from both biological and
chemical degradation. By increasing the hydrophobic bioactive
chemicals’ encapsulation efficacy, these systems may increase
their availability within the body and lower the risk of toxicity.
The microstructure, colloidal stability, rheological properties,
and moisture resistance of lipids are influenced by their phys-
icochemical attributes. Lowering the hydrocarbon chain's
length linked to the backbone of glycerol or increasing the level
of unsaturation in the fatty acid chains results in a lower
melting point and less resistance to moisture (de Souza Simoes
et al., 2017).>° Pomegranate peels are also packed with tannins,
gallo tannins, ellagic acid, and other compounds that offer
health benefits but can also have negative effects when
consumed in large quantities.* These compounds are valuable
in industries such as textile dyeing and waste management.**
They also have antibacterial properties that work by interfering
with bacterial enzymes, proteins, and metal ions.*

3. Chemical stability of anthocyanins
from pomegranate peel

The chemical resilience of anthocyanins, which allows them to
endure several environmental elements, including heat, light,
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pH, and oxygen without undergoing breakdown or deteriora-
tion, is recognized as their capacity for stability. Several factors
can impact the stability of anthocyanins, such as pH, temper-
ature, and the existence of metal ions.**** Their experiment
suggests that employing maltodextrin for encapsulation
significantly boosts the stability of anthocyanin at increased
concentrations, while concurrently maintaining its antioxidant
properties and efficacy. They examined how stable anthocyanin
remained in freeze-dried encapsulated pomegranate peel
powders compared to a control sample and also tested different
storage conditions involving temperature and relative humidity.
The anthocyanins found in the powder extracted from pome-
granate peel exhibited characteristics consistent with first-order
kinetics. Generally, the pomegranate peel's total anthocyanin
content (TAC) in extraction-microencapsulated powder
declined over extended storage periods, with elevated storage
temperatures corresponding to diminished retention rates. Out
of the various wall concentrations examined in their research,
the combination of 15% MDX with 0.1% calcium alginate
showed the most advantageous results in terms of both yield
and efficiency. These particles showcased improved anthocy-
anin retention and a high glass transition temperature (Ty),
factors that contributed to the superior physical stability of the
microparticles.

Copigmentation emerges as a promising and economically
viable strategy for stabilizing anthocyanins, involving their
interaction with copigments. Numerous phenolic substances
have been identified as effective copigments in this situation,
including gallic acid, ellagic acid, rosmarinic acid, chlorogenic
acid, ferulic acid, caffeic acid, quercetin, and rutin. Mazhitova
et al.* investigated the possibility of using powdered mandarin
peel, orange peel, and pomegranate peel as co-pigments for
anthocyanins extracted from barberry, black hawthorn,
dewberry, red hawthorn, and viburnum. The results showed
that degradation rate of anthocyanins increased with higher
temperatures, but co-pigmentation resulted in enhanced
stability. The degradation kinetics were examined across
temperatures between 70 and 90 °C, uncovering first-order
reactions with rate constants ranging from 0.45 to 2.93 min~"
for reference samples and 0.30 to 2.00 min~" for co-pigmented
samples.

3.1. Alginates and their derivatives

Alginates isolated from brown seaweeds are composed of B-p-
mannuronic acid (M) and a-r-guluronic acid (G). They show
capacity to create consistent, water-resistant, see-through gels
that can't be undone by heat under normal conditions through
cross-linking with divalent or trivalent ions, often using solu-
tions of calcium chloride. Alginates are characterized by their
wide accessibility, biodegradability, and cost-effectiveness in
contrast to organic casings.***” Zam et al. (2014)*® achieved an
encapsulation rate of 43.90% for total polyphenols and 46.34%
for proanthocyanidins utilising 3% alginate in their ionic
gelation encapsulation of pomegranate peel polyphenolic
extract in alginate beads. Because of its ability to create gels,
stabilise surfaces, and hold onto water, alginate is extensively

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(b) Water-in-oil emulsion

Fig. 1 Different types of emulsion for encapsulation, (a) oil-in-water and (b) water-in-oil.

utilised in a variety of sectors, frequently in conjunction with
other polymers. Optimising alginate as a gelling agent for
controlled release and stability of encapsulated bioactive
compounds requires an understanding of parameters such as
thickness, porosity, and permeability.** Rahnemoon et al
(2021)* utilized alginate nanospheres with PPE integrated
through calcium chloride nanoparticle external gelation and
water-in-oil (W/O) emulsification as mentioned in Fig. 1. Find-
ings indicated that the nano-encapsulated PPE exhibited
a significantly greater inhibitory zone in opposition to the
examined bacteria following a 48-hour incubation period. The
nanospheres containing PPE demonstrated heightened anti-
microbial properties in chicken breast throughout the two-week
storage period (4 °C) in comparison to those achieved with PPE-
containing and PPE-free alginate.

3.2. Chitosan and its derivatives

Chitosan, with its cationic nature from primary amino groups,
is a prominent polysaccharide-based polymer. These groups
offer various properties such as mucoadhesion for improved
pulmonary drug delivery and controlled drug release. However,
its solubility is constrained under physiological pH conditions
because of the partial protonation of amino acids when
proteolytic enzymes are present, which can lead to premature
drug metabolism in intestinal and gastric fluids.** Chitosan's
positively charged nature and its ability to encapsulate natural
ingredients make it suitable for creating various matrices,
including nanoparticles, nanoemulsions, nanofibers, hydro-
gels, films, and coatings. Its designation as Generally Recog-
nized As Safe (GRAS) underscores several advantages, including
its non-toxicity, biocompatibility, and antimicrobial attributes,
thereby positioning it favorably for biomedical applications.
Soltanzadeh et al. (2021)* developed chitosan nanoparticles to
encapsulate pomegranate peel extract, intending to protect its
delicate components. The produced nanoparticles exhibited
a spherical morphology, with diameters spanning from 174 to
898 nm. Their zeta potential fell within the range of +3 to
+36 mV, while the encapsulation efficiency varied between 26%

© 2025 The Author(s). Published by the Royal Society of Chemistry

and 70% and loading capacity varied from varied from 14% to
21%, contingent upon the concentration of the extract. Chito-
san nanoparticles, with a ratio of chitosan to pomegranate peel
extract at 1:0.50 (w/w), demonstrated promising physical
stability. Chitosan derivatives such as N-acylated chitosan
derivatives demonstrate improved biocompatibility and anti-
coagulant characteristics. They provoke no inflammatory reac-
tions upon administration into humans, rendering N-acylated
chitosan well-suited for pharmaceutical applications, particu-
larly as a carrier or for controlled release functions. N-Acylated
chitosan, known for its exceptional solubility, functions effec-
tively as a carrier for hydrophobic drugs.*

3.3. Protein-based encapsulation

Utilizing protein-based encapsulation is a promising strategy
for safeguarding and delivering active substances across diverse
domains, encompassing but not restricted to delivery of drugs,
food technology, and healthcare.** Protein-based nanocarriers
from diverse origins such as plants, animals, and microbes
present benefits in encapsulating and preserving bioactive
components within the medical, food, and cosmetic sectors.*
Protein-based encapsulation is gaining increasing attention in
fields such as food science and medicine. Different techniques
are employed to achieve protein encapsulation, with liquid-
liquid phase separation and complex coacervation emerging as
two commonly employed strategies.*® Using legume proteins as
a covering material in microencapsulation delivery systems is
explored, emphasizing their functional attributes. Additionally,
the integration of high-pressure and ultrasound technologies is
examined to enhance encapsulation properties in this context.*”
Protein-based nanocarriers, including albumin, gelatin, casein,
and whey nanoparticles, are commonly employed in drug
delivery applications. Whey protein is renowned for its excep-
tional functional characteristics, such as enhanced ability to
combat radicals and improved properties for emulsification
and foaming. Moreover, it is acknowledged for its outstanding
digestibility and its capacity to produce bioactive peptides more
effectively during digestion. These advantageous qualities have
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prompted the extensive use of whey proteins in drug delivery
applications. Whey protein nanoparticles (WPNs) possess the
ability to attach to various bioactive substances that are both
hydrophobic and amphiphilic because of functional groups
inside the structure of their polypeptides. This feature enables
them to hold these compounds in check until their release in
desired areas in the body.*

3.4. Polysaccharide-based encapsulation

Polysaccharide-based encapsulation has demonstrated signifi-
cant potential across various biomedical applications, serving
as delivery platforms for therapeutic agents, viscoelastic
matrices for cell encapsulation, tissue scaffolds, and wound
healing dressings.** Polysaccharide carriers such as starch,
pectin, and cellulose, stand out due to their renewable nature,
biocompatibility, and inert properties, making them well-suited
for specific release of nutraceuticals.” Savikin et al (2021)**
utilized spray drying technology to encapsulate pomegranate
peel, utilizing carbohydrate-based carrier materials, such as
maltodextrin, and protein-based carriers such as whey protein
(WP) at various concentrations (80%, 100%, and 120%). The
study looked at how the nature and level of concentration of the
carrier material affected the final encapsulated powder's
stability and quality. The microencapsulation of the pome-
granate peel (PP) extract at full (100%) concentration using
a carbohydrate-based carrier produced the greatest results. This
formulation exhibited an encapsulation efficiency of 88.63%,
a hygroscopicity of 15.17%, and a water solubility index of
87.04%. Moisture content ranged between 3.69% and 4.60% for
maltodextrin (MD) and between 4.21% and 5.84% for whey
protein (WP). Nanoscale carriers derived from polysaccharides
exhibit the capacity to entrap, safeguard, and release bioactive
ingredients, allowing the construction of pH-responsive
delivery vehicles tailored for intestinal-targeted delivery.
Polysaccharide-based nanopolymers are increasingly utilized in
biomaterial fabrication for various purposes, including drug
delivery, cell encapsulation, and targeted therapy for tumors.
Moreover, these nanofibers derived from polysaccharides can
be added to food items to enhance the nutritional value and
provide health advantages.®* Soltanzadeh et al.** successfully
encapsulated pomegranate peel extract (PPE) in chitosan
nanoparticles (CSNPs) via the ionic gelation method. A wall
material to extract a ratio of 1: 0.50 (w/w) was found to yield the
best concentration of PPE. With a diameter of 208 nm and
a homogeneous size distribution, the resultant nanoparticles
demonstrated a spherical shape and an appropriate level of
encapsulation effectiveness.

3.5. Safety and toxicity of wall materials

The wall material serves as a protective barrier which shields core
bioactives from environmental conditions such as heat and light
during both the encapsulation process and subsequent handling.
Ensuring wall material safety is essential for controlled release of
bioactive chemicals. Utilizing materials deemed “generally
recognized as safe” (GRAS) is vital for creating secure nano-
capsules suitable for their intended purposes, while
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simultaneously preserving the nutritional stability and quality
required for food or medicinal applications. These GRAS mate-
rials typically demonstrate controlled-release properties, with
examples including polysaccharides sourced from plants (such as
gum arabic) or microorganisms (such as xanthan gum).* A wall
material should have the capacity to polymerize, withstand
mechanical strain, and endure various environmental conditions
such as air moisture, temperature fluctuations, and water activity.
Moreover, the substance should be safe for human consumption,
free from allergens and toxins, sterilizable, and either flavorless or
having a mild taste, ensuring its suitability for encapsulating food
components.”*** Wall materials utilized in microencapsulation
methods for use in the food and pharmaceutical industries
possess the ability to endure the acidic and enzymatic environ-
ments found in the stomach and small intestine.* Polysaccharide
based wall materials such as chitosan display numerous thera-
peutic benefits, including stimulating the immune system,
reducing cholesterol levels, lowering blood pressure, inhibiting
microbial growth, relieving pain, and enhancing blood clotting
and skin cell regeneration. These properties arise from chitosan's
advantageous pharmaceutical characteristics, such as its
compatibility with the body, cost-effectiveness in production,
capability to bind certain organic substances, susceptibility to
enzymatic breakdown, and lack of toxicity. The wall material
facilitates the precise delivery of bioactive substances to specific
locations in the body, thereby decreasing overall systemic expo-
sure and lowering the chance of toxicity to unintended tissues.
Wall materials have selective permeability characteristics,
permitting the passage of specific substances while obstructing
others. This selectivity aids in preventing the ingress of harmful
molecules while enabling the release of beneficial compounds.
The wall material builds a physical wall around the bioactive,
thereby avoiding direct interaction with the surrounding envi-
ronment. This barrier serves to protect the active ingredient from
external factors that could potentially induce toxicity.**

3.6. Encapsulation studies of pomegranate peel extract

Pomegranate peel extract has been the focus of in-depth
investigation regarding its ability to encapsulate a variety of
bioactive compounds. Scientists have concentrated on the
polyphenolic content present in pomegranate peels and have
investigated diverse extraction methods.>* Pomegranate peel
extract has been encapsulated using a variety of methods,
including co-crystallization with sucrose, nanoencapsulation
using maltodextrin and Lepidium perfoliatum seed gum, and
encapsulation within gelatin/sodium alginate composite “boba
balls”.”*®* These encapsulation approaches have displayed
promising outcomes in terms of preserving the bioactive
components, enhancing antioxidant characteristics, and
enhancing the stability and shelf life of encapsulated extracts.>
The utilization of lipid-based nanocarriers, such as nano-
structured lipid carriers and solid lipid nanoparticles, has
shown significant efficacy in encapsulating bioactive
compounds derived from pomegranate peel.®® Encapsulating
PPEs in suitable wall materials could improve their solubility
and conceal any strong undesirable tastes, such as astringency,
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which might otherwise restrict their applications.®* Utilizing
chitosan nanoparticles for encapsulating extract of pome-
granate peel is a beneficial approach to shield the delicate
components of extract. The FTIR spectra of pure pomegranate
peel extract displayed distinctive absorption bands associated
with phenolic compounds such as tannic acid, ellagic acid, and
gallic acid. Assessing the total phenolic content (TPC) and
antioxidant properties in chosen chitosan nanoparticles indi-
cated a considerable drop in TPC along with antioxidant activity
when measured against PPE that has not been encapsulated.
This suggests that during the measurements, chitosan nano-
particles successfully shielded PPE against fast release.”” San-
hueza et al® investigated if pomegranate peel extract (PPE)
could be successfully integrated into double emulsions. At
a 70:30 ratio (oil: PPE), a variety of oils, including castor,
soybean, sunflower, miglyol, and orange, were used, emulsi-
fying them using a variety of techniques such as mechanical
agitation and direct membrane emulsification. The hydrophilic
emulsifier Tween 80 was used, and the lipophilic emulsifier
polyglycerol polyricinoleate (PGPR) was used. Notably, direct
membrane emulsification (DME) resulted in emulsions with
enhanced stability over time. Double emulsions (DEs) produced
through direct membrane emulsification (DME) exhibited
superior characteristics concerning droplet size, shape, and
encapsulation efficiency (EE) compared to those generated via
mechanical agitation (MA) as mentioned in Table 7.

4. Colloidal systems used in the
encapsulation of pomegranate peel
extracts

4.1. Emulsions

Emulsions are colloidal mixtures comprising at least two fluids
that do not naturally mix, where one fluid forms small droplets
dispersed within the other.*® Emulsion science is extensively used

Liposome R
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in the food industry to produce goods including dairy products,
drinks, butter, mayonnaise, and margarine. Emulsions improve
the look, feel, and flavour of these goods and work well as
a delivery vehicle for encapsulating bioactive substances such as
vitamins and nutraceuticals.* Sanhueza et al.®* evaluated the
viability of encasing pomegranate peel extract (PPE) in double
emulsions with two distinct emulsification techniques (mechan-
ical agitation and direct membrane emulsification) and distinct
oils in a 70:30 oil: PPE ratio with Tween 80 and polyglycerol
polyricinoleate (PGPR) acting as hydrophilic and lipophilic
emulsifiers, respectively. The double emulsions made with oils
such as sunflower or miglyol showed improved stability, smaller
particle sizes, higher EE, and controlled release. Double emul-
sions developed with sunflower oil via direct membrane emulsi-
fication were identified as appropriate vehicles for encapsulating
punicalagin. Nanoemulsions with their reduced droplet size (20-
200 nanometres) provide better resistance to gravity separation,
improved optical clarity, and improved bioavailability of the
bioactive substances they contain.® Modifying the manufacturing
and formulation processes will allow for precise control over
droplet size. Hydrophobic bioactive ingredients in food and drink
can be efficiently encapsulated and delivered using these nano-
emulsions. Tan et al.® showed that whole-fat milk formulations
containing curcumin or vitamin D have demonstrated exceptional
chemical and physical stability, even when stored for extended
periods of time.

4.2. Liposomes

Liposomes are spherical lipid particles that have been extensively
employed for precise drug delivery as mentioned in Fig. 2.
However, growing attention has been shown in using them for
functional foods. Liposomes possess the ability to entrap
substances that exhibit solubility in water, lipids, or both,
rendering them attractive vehicles for the food sector. The
potential for large-scale production of liposomes, combined with

Hydrophilic head

| I
Hydrophobic tail

Phospholipid bi- layer

Encapsulated nano particles

Fig. 2 Schematic representation of liposome encapsulated nanoparticles.
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their remarkable targeting capabilities, provides a major benefit
for their application in food based industries. Ganjian et al®
utilized liposomes as a delivery system for pomegranate peel
extract. They studied how pomegranate peel extract, both encap-
sulated and unencapsulated, affected the quality of chilled silver
carp fillets. Lower total volatile basic nitrogen and thiobarbituric
acid levels showed that the extract was successful in lowering
chemical degradation and lipid oxidation in the fillets in contrast
to the control. Additionally, pomegranate peel extract resulted in
a decrease in the total viable count of the fillets by approximately
21log 10 CFU g ' when compared to the control. Furthermore, the
efficiency of the extract was enhanced through liposomal encap-
sulation. Also, the enclosing substances in liposomes offer
a protective shield to the enclosed substance, shielding it from
variations in environmental conditions such as temperature,
humidity, changes in pH, and fluctuations in ionic strength at
each stage of processing as well as after processing. Importantly,
lipids and taste receptor cells don't interact, making liposomes an
effective choice for concealing the unpleasant taste of bitter
bioactive compounds such as chloroquine phosphate, quinine,
denatonium, and propranolol. Furthermore, liposomes can be
used to encapsulate different polyphenolic substances.® Dundar
et al®® formulated nanophytosomes (NPs) containing pome-
granate peel extract (PPE) utilizing phosphatidylcholine (PC)
through the thin layer hydration technique. The outcomes
exhibited a remarkable encapsulation efficiency of 94.99%,
highlighting its distinctive potential as a nano-carrier. The PPE-
loaded NPs displayed favorable attributes, including reduced
PDI values (p < 0.5), smaller particle size ranging from 166.70 to
144.40 nm, and a spherical microstructure. The least TPC and
color deviation over a 28-day storage period were observed at 4 °C,
notwithstanding that all NP specimens exhibited enhanced
stability under various storage conditions for a maximum of
21 days.

5. Encapsulation processes of
pomegranate peel

Encapsulation techniques for pomegranate peel involve spray
drying, freeze drying, ionic gelation, coextrusion, coacervation,
electrospinning and electrospraying. Spray drying involves
converting the peel extract into droplets and swiftly drying them
to yield powdered particles. Freeze drying protects delicate
compounds by freezing the extract and evaporating the frozen
solvent under vacuum. Ionic gelation relies on polymer inter-
actions to form a protective gel matrix around the extract.
Coextrusion merges the extract with a carrier material to form
composite structures. These processes protect and transport
bioactive compounds from pomegranate peel extract,
improving stability and encapsulation efficiency and enabling
controlled release as shown in Table 1.

5.1. Spray drying
Spray drying is among the most widely utilized techniques for
encapsulating bioactive compounds due to its exceptional effi-

ciency. Hu et al” through their work achieved a 93%
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encapsulation efficiency by using the spray drying process to
encapsulate cinnamon essential oil. They used whey protein
isolate, maltodextrin, and sodium alginate as wall materials
(WPI: MD: sodium alginate = 1: 3 : 0.01 (w/w)). Within the food
sector, the spray drying method converts liquids into stable,
conveniently usable powder forms (Fig. 3). This process typi-
cally includes dissolving, emulsifying, or dispersing active
ingredients, then atomizing and spraying. The core material is
initially distributed within an aqueous solution alongside the
carrier compound, resulting in the creation of minuscule
droplets measuring a few microns in size.” Innovative nozzle
designs blend oil and carrier materials before atomization,
eliminating the need for emulsion preparation, as seen in
multi-fluid channel nozzles. These droplets are then dehydrated
in a heated spray dryer chamber, forming capsules with diam-
eters of 10 to 300 pm. Drying occurs using hot air. This makes it
possible to spray dry even thermally sensitive compounds
without experiencing significant losses. However, an alternative
approach involves initially dissolving bioactive agents in
organic solvents. This method is seldom employed due to
concerns related to the environment, safety, and expenses. The
extensive utilization of spray drying within the food sector can
be linked to its convenient manageability, cost efficiency, and
capacity to attain elevated production levels. The key to
successful spray-dried microencapsulates lies in 