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Nutraceuticals, functional foods, immunity boosters, microcapsules, nanoemulsions,
edible packaging, and safe food are the new progressive terms, adopted to describe
the food industry. Also, the rising awareness among the consumers regarding these
has created an opportunity for the food manufacturers and scientists worldwide to use
food as a delivery vehicle. Packaging performs a very imminent role in the food supply
chain as well as it is a consequential part of the process of food manufacturing. Edible
packaging is a swiftly emerging art of science in which edible biopolymers like lipids,
polysaccharides, proteins, resins, etc. and other consumable constituents extracted
from various non-conventional sources like microorganisms are used alone or imbibed
together. These edible packaging are indispensable and are meant to be consumed with
the food. This shift in paradigm from traditional food packaging to edible, environment
friendly, delivery vehicles for bioactive compounds have opened new avenues for
the packaging industry. Bioactive compounds imbibed in food systems are gradually
degenerated, or may change their properties due to internal or external factors like
oxidation reactions, or they may react with each other thus reducing their bioavailability
and ultimately may result in unacceptable color or flavor. A combination of novel edible
food-packaging material and innovative technologies can serve as an excellent medium
to control the bioavailability of these compounds in food matrices. One promising
technology for overcoming the aforesaid problems is encapsulation. It can be used as
a method for entrapment of desirable flavors, probiotics, or other additives in order to
apprehend the impediments of the conventional edible packaging. This review explains
the concept of encapsulation by exploring various encapsulating materials and their
potential role in augmenting the performance of edible coatings/films. The techniques,
characteristics, applications, scope, and thrust areas for research in encapsulation are
discussed in detail with focus on development of sustainable edible packaging.
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INTRODUCTION

The food industry and allied sectors like food-packaging
industry and nutraceutical industry, face complex challenges
on a regular basis due to change in production practices and
consumer preferences. The end consumer is more conversant
about the food profile and even more apprehensive about
the farm to fork journey of the component that he/she
is about to consume. Additionally, an increase in global
trading of food is leading the food technologists to produce
food products of high quality and safety. There is a need
for circular food supply chains which are transparent and
interconnected in nature such that the waste from one industry
can help in the value addition of another product in a
different food industry (Lavelli, 2021). The concepts like
green foods with bioactive components that bestow numerous
health benefits lure the consumers (Rostamabadi et al., 2021).
Entrapment of bioactive substances in food with controlled
release strategy is one such area where the scientific fraternity
is working diligently to ensure food products with abundant
health benefits. One of the canonical concepts to achieve
the same is encapsulation and techniques like nanoemulsions
(Jafari et al, 2017) and liposome technology (Ajeeshkumar
et al, 2021) are used to encapsulate desired materials in
food products.

Encapsulation is gaining popularity for use not only in food
products but in edible films and coatings as well, which are
a sustainable alternative to the conventional food-packaging
systems. These days, attempts are being made to improve the
sustainable packaging system by adding bioactive compounds
and probiotics, which in return enhance the nutritive value,
functionality, and overall performance of the edible films.
Bioactives in encapsulated films not only improve the quality
of edible film but also maneuver the food product quality
parameters like shelf life, rate of lipid peroxidation, browning
index, bactericidal/bacteriostatic effects, and flavor profile (Diaz-
Montes and Castro-Munoz, 2021).

Bioactive =~ compounds  exhibiting  antioxidant and
antimicrobial properties form the main category of materials
that are added to edible films. Polyphenols (like tannins,
anthocyanins, flavonoids, phenolic acids), volatile components
in essential oils (Zhang W. et al,, 2019) (like cinnamon, lemon,
oregano, thyme oil, clove oil, etc.), natural pigments, vitamins,
polypeptides, and nutraceuticals are the common substances that
form the core material of the encapsulated edible films (Chen
etal., 2021).

Encapsulation is a superior technology as it overcomes the
disadvantages of incorporating bioactive ingredients as food
additives. Encapsulation improves heat stability and solubility
and offers UV protection and ability of controlled release
(Quiros-Sauceda et al., 2014). Encapsulation matrix serves as a
perfect vehicle for the delivery of antimicrobials, antioxidants,
probiotics, and flavor compounds. Additionally, it gives a better
chance at ensuring food safety and sensory acceptance although
one needs to ensure minimum damage to the natural flavor
of the food that is packaged in the same (Tripathi et al,
2021).

The conventional approach of edible film formation simply
requires the addition of the bioactive ingredient to the film-
forming solution, followed by casting of the film (Rodriguez
et al, 2020). The alternative approach is to encapsulate the
active ingredient with colloidal particles prior to mixing with the
film-forming materials (Muhammad et al., 2020). This review
discusses the latter in detail with focus on understanding the
concept of encapsulation, role of colloidal particles, methods
of encapsulation, and their impact on the future of sustainable
food-packaging industry.

UNDERSTANDING THE CONCEPT OF
ENCAPSULATION

Encapsulation in edible films can be defined as the entrapment
of one ingredient (usually bioactive) within another ingredient
where the former is identified as core material and the later
as wall material (Liu et al, 2021). Film-forming material
prepared by encapsulation can be categorized into two groups
on the basis of their dimension size, namely, microencapsulation
and nanoencapsulation (Figure 1). The microemulsions have a
diameter of 3 to 800 wm, whereas the nanoemulsions have a
particle size ranging from 10 to 1,000 nm (1 wm) (Ye and Chi,
2018).

Furthermore, encapsulation technology can be grouped into
two broad groups, i.e., true encapsulation where a liquid core is
entrapped in a gelatinous capsule. The other one includes all the
recent techniques where active ingredients are entrapped in the
matrix encapsulant or wall material made up of various carriers
(El-Kader and Abu Hashish, 2020).

The success of an effective encapsulation process depends
upon selection of three factors, namely, target bioactive
molecules, wall materials, and a suitable encapsulation method
(Rostamabadi et al., 2021). The encapsulated materials in edible
coatings can either function as releasing systems (antimicrobials,
antioxidants, CO, emitters, Ethanol emitters, enzymes, etc.) or
as absorbing systems (O, scavengers, CO, scavengers, ethylene
scavengers, moisture absorbents, aroma absorbents) depending
upon the final application (Almasi et al., 2020).

Enhanced functionality of the edible film due to encapsulation
technology can be attributed to the entrapment of active
ingredient in the wall materials (solid, liquid, or gas) which
form the matrix (Boostani and Jafari, 2021). It can be exploited
as means of active packaging if incorporated in edible films
where encapsulant is the matrix material and bioactive is the
functional component.

Concept of Controlled Release Packaging

Controlled release packaging (CRP) is a particular type of slow-
release technology where the bioactive is discharged via edible
film, into the food product over a period of time in a controlled
mode. Deployment of controlled release ensures effective and
long-lasting action of bioactives and in desired concentration on
the surface of food (Almasi et al., 2020). Additionally, restricted
release of bioactives in edible films endorses reproducibility,
maneuverability, and predictability of rate of release (Chen et al,,
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FIGURE 1 | (A,B) Encapsulation systems and their structures:
microencapsulation and nanoencapsulation (Adapted from Delshadi et al.,
2021).

2019). CRP is finalized after taking into consideration all the
factors like agent to be encapsulated and its release kinetics,
initiation and duration of release, mechanism and trigger of
release, quantity, and speed of release into the food product. A
fast rate of release would be ineffective in extending shelf life of
food products and a very slow rate would fail to check growth
of microorganisms or autolytic alterations in the edible film or
food product.

Release Mechanisms in CRP Systems

It becomes important to have comprehensive knowledge of
the release kinetics of the encapsulated active substances in
controlled released edible films. Some of the release mechanisms
that help in setting the bioactive free into the desired product are
depicted in Figure 2 and explained below (McClements, 2019).

Dissolution

It is a method of releasing bioactive materials by dissolving in the
surroundings or food medium. Either the particle can be directly
released into the surrounding or it dissolves into the matrix first,
and then is released in the food product when the entire matrix

Diffusion
N
<‘- = Core matenal

. =Wall matenal

FIGURE 2 | Mechanisms for the release of active ingredient from the edible
films/coatings into the desired food product (Adapted from Boostani and
Jafari, 2021).

Fragmentation Encapsulated structure

dissolves. Dissolution begins at the surface and is followed by
dissolving the inner framework of the nanoemulsion.

Swelling

As the solvent particles are absorbed by the core (bioactive)
material, the entire structure swells and bioactive is released when
the structural integrity is no longer maintained. The release is
related to an increase in the internal pore size of the matrix which
becomes greater than the size of the bioactive, causing its release.

Degradation

Itis an erosive process where release is a function of the degrading
forces. Numerous factors like pH, temperature, strong acids or
bases, degrading enzymes, physiochemical processes, etc. lead to
release of the bioactive material from the encapsulation matrix.

Diffusion

The bioactive material is released from the encapsulation matrix
into the food product or surroundings. The rate of diffusion
is dependent upon the physicochemical nature of the core and
matrix materials and the gradient between the core and matrix.

Fragmentation

It implies disruption of the encapsulation matrix such that the
wall materials breakdown due to stress. The stress can be physical,
chemical, or biological (enzymatic) in nature. The amount of
bioactive released depends upon the fragments formed and as
well as the nature and magnitude of applied stress.

Release Profiles in Encapsulation

Release profile is the cascade of events which result in liberation
of bioactives from the wall material at the target site. Release
mechanisms of the core material in the matrix affect the release
profile of the bioactives. Figure 3 shows various release profiles
plotted with time on x-axis and respective concentration of
bioactives at y-axis. While designing encapsulated edible films,
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FIGURE 3 | Various release profiles plotted with time on x-axis and respective
concentration of bioactives at y-axis (Adapted from Boostani and Jafari, 2021).

a thorough understanding of release profile of bioactives, would
aid in an improved fabrication of the film-forming material.
Release profiles can be adjusted or altered to improve the overall
performance of the edible films. For instance, a release profile
which is passive in nature can be modified into an active one,
which is highly desirable in edible film applications where strong
antimicrobial or antioxidant potential is required. Burst release,
sustained release, controlled release, delayed release, triggered/
stimuli responsive release, and targeted release are some of the
release profiles that unfetter the active ingredient at a preferred
concentration and at an appropriate time (Boostani and Jafari,
2021).

ROLE/OBJECTIVE OF ENCAPSULATION

Encapsulation is a technique for coating bioactive compound(s)
within a carrier material and is considered a useful tool for
improving the delivery of active compounds as well as living cells
in food products. Encapsulating an active principle meets the
following main objectives:

1 Confinement or delayed release:

e Volatile conglomerates (e.g., aroma, flavor compounds)
e Steady bioprocessing (e.g., microflora, enzyme)

2 Safeguard/stabilization:

e Sustaining and conserving the bioactive additives from
extrinsic environmental influences (e.g., oxygen, light,
temperature, water, pH)

e Safeguard processors and end users from harsh
chemicals and various enzymes (e.g., pesticide, soaps
and detergents, proteases)

3 Sustained release (release at specific time and place, provoked
by a relevant initiator):

e Diftusion, rehydration, degeneration, bursting

e Set off release under a particular condition like change
in temperature, pH value, ionic strength, enzymatic
hydrolysis, and so on

e Sustained release of bioactives like vitamins, flavor

compounds, vitamins, etc. with explicit kinetics
4 Structuration/functionalization:

e Transformation of liquid or gas to solid

e Camouflage aroma, taste, or color

e Rheological and surface characteristics of powders

e Visual perspective as well as marketing conceptualization

METHODS/VARIOUS TECHNIQUES OF
ENCAPSULATION

Nature of the core material, structural and chemical
characteristics of the coating materials, interactions between
the core material, and the coating material as well as the
working conditions of the technique employed govern the
physiochemical characteristics of the microcapsule. Diverse
encapsulation strategies have been researched relying upon
the attributes of the core and the contemplated applications
of the resulting goods. The complexity of these procedures
varies. Enrobing a bioactive with an apt shell material is the
simplest form of encapsulation employed in the food industry.
It entails encapsulation of core material with help of fluidized
bed or by spraying, succeeded by drying. Alternative approaches
encompass emulsifying a core component (just as an enzyme or
an oil molecule) along a suspension of wall material (typically a
polycarbohydrates/protein or their synergy), followed by drying
of the encapsulated compound. Encapsulation techniques on a
broader view could be prorated into three primary classes viz.
physical, physicochemical, and chemical. Hence, it is critical to
summarize the information pertaining to various encapsulation
techniques; their basic principle, nature of the core material,
particle size, merits, and demerits are tabulated below (Table 1).

COMMON BIOACTIVE COMPOUNDS
USED FOR ENCAPSULATION

Aroma Compounds
Sensations alluded by the interaction of taste, odor, and texture
are commonly referred to as flavor. In general, flavor compounds
can be grouped under two classes: liable for taste and the one
liable for odor or aroma. Flavor and aroma may be the inherent
property of the food; it may evolve at the time of processing or
may be supplemented intentionally during the process to meet
customer satisfaction. Aroma and flavor compounds are volatile
molecules that can be perceived by olfactory receptors. These are
responsible for the fabrication of flavorings thus imparting flavor
and also help in enhancing the appeal of the product. Hence,
flavor and aroma are organic compounds with low molecular
weight, volatile in nature, vulnerable to heat, light, pH, acid,
enzymes, and moisture (Fucifios et al., 2017). For the retention
of flavor and aroma compounds and to minimize degradation
of flavor, encapsulation technique is employed in the food-
processing industry (Dubey and Dubey, 2020).

Ten aroma compounds were encapsulated in (-carrageenan
emulsion-based edible film, deducing that these films performed
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TABLE 1 | Overview of encapsulation techniques, basic principle, nature of the core material, particle size, merits, and demerits.

Encapsulation

Basic principle

Nature of the core Approximate particle Merits

Demerits

Related studies

technique material size (wm) (Farheen
et al., 2017;
Choudhury et al.,
2021)
Physical methods
Air suspension Coating material is sprayed on a solid,  Solid 35-5,000 1. Variety of coating materials 1. Finds its application only for solid Zaghari et al., 2020;
particulate core disseminated in the air can be utilized core material 2. May result in the Subasi et al., 2021
stream 2. More capacity agglomeration of the particles
Centrifugal extrusion Entails the employment of a rotating Solid and liquid 400-2,000 um 1.High production rate 1.0nly suitable for liquid or slurry 2. Chang et al., 2019;
head with concentric nozzles. Core and 2. Complete overall coating of Encapsulated actives should be Nami et al., 2020
the coating material, both immiscible the actives is achieved completely separated from the solution
with each other are introduced through 3. Encapsulation can be carried  and then dried 3. Difficult to isolate
concentric nozzles which further splits out at low temperatures, capsules from highly viscous medium 4.
into droplets (Castro et al., 2016) beneficial for heat sensitive Large particles
compounds
4. Impart longer shelf life to
oxidation prone flavors
Pan coating Coating material is applied on the core  Solid or liquid >600 um 1. Suitable for coating of larger 1. Time consuming 2. High loss of material
material tumbling in a pan in the form of adsorbed on a particles
solution or atomized spray a pan support 2. Ensure sustained release of
core materials
Fluidized bed drying This technique is a variation of pan Solid or liquid 100 wm to 5mm 1. Less expensive 1. Not suitable for temperature sensitive ~ Coronel-Aguilera and
coating method. Fluidized bed of solid ~ adsorbed on a 2. Capsules produced are less  actives San Martin-Gonzaélez,
actives are mixed with dry coating support porous 2015

Spray drying

Prilling or spray
congealing or spray
cooling

material, which is then heated to ensure
proper covering of the actives (Pellicer

etal., 2019)

Atomization of dispersion of bioactive
compounds in a chamber supplied with
hot air using a nozzle or spinning wheel;
the droplet and hot air come into contact
leading to evaporation of solvent (He

etal., 2018)

Same a s spray drying with exception
that instead of hot air cold air is used

Solid (hydrophilic or
lipophilic) or liquid

Solid or lipophilic
liquid

10-500 wm (Kumar
etal., 2018)

50-500 pm

3. Capsule size can be controlled
more precisely
4. High active content

1. More economical

2. Flexible

3. Continuous process

4. Production of powders with
superb flowability and yield

5. Excellent encapsulation
efficiency

6. Wide variety of coating
materials can be utilized

7. Desired sensorial and textural
characteristics (Antigo et al.,
2018)

1. Temperature-sensitive
compounds cannot be
encapsulated

1. Limited number of coating material
available for food and

nutraceutical encapsulation 2.
Temperature sensitive compounds cannot
be encapsulated 3. Technology not
applicable for small batches 4. Difficult to
manage particle size 5. Non uniform
conditions in drying chamber 6. In case of
encapsulating living bacteria may result in
decrescence of cell viability because of
exposure to increased temperature. 7.
Generally utilized for agueous suspensions
where the coating material is soluble

in water

1.Requirement of special handling and
storage conditions 2. Technology not
applicable for small batches 3.
Challenging to control particle size

Souza et al., 2018;
Pieczykolan and Kurek,
2019; Guo et al., 2020

Procopio et al., 2018

(Continued)
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TABLE 1 | Continued

Encapsulation

Basic principle

Nature of the core

Approximate particle

Merits

Demerits

Related studies

technique material size (wm) (Farheen
et al., 2017;
Choudhury et al.,
2021)
Physicochemical methods
Coacervation Desolvation of hydrophilic polymeric Soluble in 1-500 pm 1. Can be applied to all heat 1.Expensive 2. Process is sensitive to Bosnea et al., 2017;

lonotropic gelation

Liposomes

Chemical methods
Solvent evaporation

Interfacial
polymerization

In situ polymerization

molecules, thereby leading to
segregation of phases in a colloidal
solution. Entrapment of core material is
by electrostatic attraction. Can be
differentiated into simple and complex
coacervation

Production of nanoparticles and
microparticles by electrostatic
interactions between 2 ionic species
under certain conditions.

Vesicles enclosing an aqueous phase
embedded in a lipid membrane, usually
a phospholipid.

Dissolution of encapsulating material in
a solvent, immiscible with each other.
Bioactive compound is lodged into the

wall material solution. Both the solutions

are blended and mixed properly,
exposed to heating for evaporation
of solvent

Employs two monomers (h hydrophilic

and lipophilic) to react at the interface of

a droplet, thereby a capsule

A single monomeric compound is
polymerized directly on the surface of
the particle. It encompasses the
following three types of polymerization:
(1) suspension, (2) emulsion and (3)
dispersion

hydrophilic or
hydrophobic liquids

Solid and liquid

Solid

Solid and liquid

Few nanometers to few
micrometers

1-1,000

1-1,000

sensitive actives

2. Organic solvents are used

3. Small size

4. High payload (up to 99%)

5. High shell integrity (Choudhury
et al., 2021)

1. No use of organic solvents
2. Extreme temperature and pH
variations are averted

1. Helps in improving sensorial
characteristics mainly taste (e.g.,
flavor encapsulation)

2. Safeguards delicate
compounds

3. Capable of importing both
water loving and fat loving
molecules in same packaging

4. Can bind with the mucous
layer in our gut or nose

1. Simple procedure
2. Not suitable for heat-sensitive
actives

1. Simple and reliable method
2. Size of capsule and thickness
of the capsule wall can be
devised

3. Low cost

1. Uses economical material
2. Can be automated

3. Can be carried out in
integration with other methods

change in environmental conditions 3.
Complex mechanism 4. Residual solvents
present on the surface of encapsulates 5.
Toxicity of cross linking agent 6. Harder
optimization of wall material

1. Typically used on laboratory scale 2.
Structure of capsules is highly porous,
which encourages intense bursts.

1.Complicated and

uneconomical technique 2. Varies from
batch to batch 3.Need to be stored in
agueous solutions 4. Becomes unstable at
ambient as well as

increased temperatures. 5. Low yield 6.
Usually practiced on laboratory scale

1. High temperature

1.Not always compatible with compounds
to be encapsulated 2. Yield of
encapsulated material cannot be regulated
3. Applicability of this technique is limited
because of the usage of strident lead off
setup like high pH, noxious monomers,
solvents, and the reaction byproducts

1. Polymerization must be completed in a
short interval of time 2. Costly instrument

Mihalcea et al., 2017

Cutrim et al., 2019;
Naranjo-Duran et al.,
2021

Shukla et al., 2017;
Esposto et al., 2021;
Venugopalan et al.,
2021

Soukoulis and Bohn,
2018; Kizilbey, 2019;
Agarwal et al., 2021

Song et al., 2017;
Paret et al., 2019

Ishizuka et al., 2018
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better with polar aroma compounds. It was also hypothesized
that carrageenan edible films were apt to uphold the volatile
aroma compounds amid the film-forming procedure and
sustained release later (Marcuzzo et al., 2010). A very interesting
research by Gong et al. (2020) revealed that heat stability of
cinnamon flavor could be enhanced by ultrasonication-assisted
microencapsulation using chitosan and pectin polymers thereby
reducing the interaction of cinnamaldehyde with the yeast during
the baking process.

Antibacterial Compounds

Edible packaging helps in achieving superior quality of products,
helps in protection against biological, chemical, and physical
deterioration. By applying edible coatings or films on food
products, physical properties of food like strength can be
enhanced, also helps in improving aggregation of particles and
appearance. In addition, it creates a semipermeable barrier
that protects the bioactive substance against moisture, oil,
oxygen, microorganisms, and light thereby enhancing shelf
life and ensuring food safety (Assadpour and Jafari, 2019a;
Lopez-Polo et al., 2021). Edible packaging with antimicrobial
components had led to the development of the hypothesis of
active packaging. This helps in reduction, inhibition, or complete
arrest of proliferation of microflora on the food surface. A
number of essential oils from spices like cloves, cinnamon,
coriander, etc.; vegetables such as garlic, onion, and citrus fruits
having antimicrobial properties could be embodied into edible
packaging material to aid the purpose.

In recent years, more thrust is being imparted into developing
potent, persistent, and natural antimicrobial compounds by
enhancing the efficacy of the integrated antimicrobial agent.
More potent antimicrobial substances of natural origin, like
bacteriophages, bacteriocins (Ge et al, 2017), and essential
oils and their fractions (Evangelho et al., 2019) have been
favored over synthetic antimicrobial compounds, and innovative
encapsulating techniques are utilized for attaining the goal.
Advantages of encapsulation include sustained deliverance and
restrained release of active components in the food system. As a
result, this technique can be implied to manage the movement
of the bioactive components from the edible packaging. In
addition to this, encapsulation ensures better interaction of
lipophilic compounds with hydrophilic natural polymers of
films, thereby ensuring the stability of active components
during processing. Studies pertaining to the impregnation
of antimicrobial components in edible packaging by using
encapsulation techniques to improve the quality and safety of
food products are summarized in Table 2.

Antioxidants

The biggest challenge of the food industry in the food-processing
industry is limited storage life, which may be caused by
microbial contamination and oxidation reactions. Antioxidants
are progressively significant food additives in the food-processing
industry. The conventional role of antioxidants, as proposed
by their name, is to prohibit the advancement of oxidative
rancidity in high fat-containing foods, in particular fried
food products, foods of animal origin, and dairy-based foods.

Synthetic antioxidants like butylated hydroxytoluene (BHT),
tertiary butyl hydroquinone (TBHQ), propyl gallate (PG), or
else butylated hydroxyanisole (BHA) are utilized generally to
prevent food from oxidation. During recent times, considering
the increasing awareness among consumers and their demand
for less use of chemicals and minimally processed foods, major
consideration is being paid to find natural antioxidants. As a
result, food products preserved with natural importance are
getting popular with the masses.

Some of the important natural antioxidants are tocopherols,
essential oils, volatile phenols, flavanols, organic acids, and so on.
Addition of antioxidants directly to food has certain limitations
like interaction of food components with antioxidants may
neutralize it rendering it less effective thereby making food more
prone to be unsafe. Going deep into the mechanism of lipid
oxidation reaction, one may find that the majority of these
reactions are initiated at the surface of food. Hence, efforts are
being made by the food scientists to encapsulate the natural
antioxidants and then imbibe them into edible packaging to
complement the storage life by shielding food products from
oxidation, oxidative rancidity, and color distortion. A more
extensive compilation of works in which antioxidants were
incorporated in edible films and coatings are shown in Table 3.

Nutraceuticals
There are a number of food components that cannot be
incorporated into food products in their native form like
carotenoids, omega 3 fatty acids, fat-soluble vitamins A, D,
E, and K, minerals, probiotics, prebiotics, and conjugated
linoleic acid therefore these must be encapsulated first into
a suitable encapsulating matrix. Just adding additives to food
products to boost nutritional value can jeopardize the sensorial
characteristics of the product. Furthermore, they may degrade
with the passage of time, and as a result, may lose their
effectiveness or become toxic because of oxidation process
(Grootveld et al., 2020; Khoshnoudi-Nia et al., 2020). These
bioactives may also interact with other components of food
thereby reducing their bioavailability. Hence, to preserve their
stability, nutritional value, taste, and aroma and to provide
endurance against processing conditions, encapsulation as well
as viability encapsulation of nutraceuticals (Assadpour and Jafari,
2019b) in edible films is emerging as an excellent choice.
Food-grade surfactants and edible oils were utilized to develop
stable oil-in-water edible nanoemulsions as conveyor of vitamin
D3 for fortifying whole fat milk and was able to impart stability
against particle growth and gravitational separation for 10
days (Golfomitsou et al., 2018). In another study, nanoparticle
encapsulation of vitamin C by ionic gelation followed by
preparation of nanocomposite film represented a decline in
degradation of vitamin C thereby culminating in more than
30% storage of vitamin as compared with the control after 15
days of storage. Furthermore, on exposure to high temperature,
80% of the original concentration was retained (Nascimento
et al,, 2019). It was demonstrated that coating of fish oils by
chitosan safeguarded the emulsified fish oils from the action of
gastric enzymes, therefore ensuring their controlled release in
the intestine (Chang et al, 2018). Xu et al. (2021) in one of
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TABLE 2 | Highlights of studies pertaining to incorporation of encapsulated antimicrobial conglomerates in edible packaging.

Bioactive compound  Encapsulating
material/techniques

used

Food application

Bioactivity reported References

Fennel essential Nanoemulsion

oil/cinnamaldehyde

Pork patties

Oregano essential oil Nanoemulsion Pork loin

and resveratrol

Oregano essential oil Nanoemulsion Tomatoes
Thymol Nanoemulsion-thymol- Cherry tomatoes

quinoa protein/chitosan
coating

Cardamom, lemon,
rose, peppermint,
eucalyptus, and orange

Preparation of
nanoparticles using ionic
gelation method

essential oils
Sorbic acid Chitosan Meat product-snakehead
filets
Nisin Poly-y-glutamic Cheese
acid/chitosan
nanoparticles
Moringa oleifera Chitosan nanoparticles Cheese
(drumstick) oil
Syzygium aromaticum Chitosan nanoparticles Cucumber
(clove) ail
Cinnamomum verum Chitosan microcapsules Mangoes
(cinnamon) oil
Curcumin and Methyl cellulose liposomes ~ Strawberry
d-limonene liposomes
Oregano essential oil Chitosan and sodium Strawberry

alginate microcapsules

Inhibited the growth of Escherichia coli and Sun et al., 2021
Staphylococcus aureus. Patties coated with
nanoemulsion illustrated lower total count comprising

both the yeast and the mold.

Encrusting the pork with oregano essential oil and
resveratrol embedded in pectin matrix exhibited much
longer storage life by lowering pH and minimal
changes in color, decelerated protein denaturation and
lipid oxidation, more tender meat, and suppressed
microbial growth.

Xiong et al., 2020

Enhanced the storage life by restricting the proliferation  Pirozzi et al., 2020
of endogenous microbiota (total viable count, yeast,
and mold) when kept for 14 days at ambient

temperature.

Coating of cherry tomatoes by quinoa Robledo et al., 2018
protein/chitosan), showcased antifungal action against
Botrytis cinerea after 7 days of storage at 5°C (p <

0.05).

Exhibited high effectiveness in controlling multi drug
resistant Escherichia coli and methicillin-resistant
Staphylococcus aureus (MRSA) in vitro

Bushra et al., 2016

Inhibitory effect of sorbic acid-chitosan microcapsules
was more pronounced in opposition to S. enterica and
E. coli as compared with L. monocytogenes.

Hu et al., 2017

Exhibited adequate antibacterial activity contrary to Cuietal., 2017

Listeria monocytogenes

Displayed higher effectiveness contrary to Listeria Lin et al., 2019
monocytogenes and Staphylococcus aureus at 4 and
25°C for 10 days, with no influence on the sensorial

attributes of the cheese.

Very strong antibacterial activity against Escherichia Cuietal., 2018
coli O157:H7 biofilms. E. coli levels were reduced by

about 99.98% after 8 h of treatment.

Mangoes were coated with 3, 5, and 7 layers, fruit
coated with 5 or more layers revealed delay in decaying
thereby perpetuating the storage life of mangoes.

Yin et al., 2019

Limonene liposomes significantly (o < 0.05) lowered Dhital et al., 2017

the fungal proliferation

Prolonged the shelf life of strawberries. Li L. etal., 2020

his research experiments exhibited that pectin and xanthan gum
(anionic polysaccharides) encouraged the digestion of fish oil
which may be attributed to impediment to the flocculation of
protein-coated fish oil droplets and hence increment in surface
area for the action of lipase enzyme.

Living Organisms/Probiotics

Diet has a significant effect on overall health. Nowadays,
people are being more aware about their health, wellbeing,
and consumption pattern of foods having probiotics. In
order to confer health benefits and get the desired outcome
from probiotics, a dosage of 108-10° viable cells is usually
recommended. To confer its health benefits in modulating the

immune system, the survival of probiotic strain is a key factor. It
is quite challenging to meet the desirable dose of probiotics due
to their sensitivity to the change in environmental conditions.
Use of encapsulated probiotics in edible packaging is a promising
approach which may help beneficial microbes survive longer in
food products.

A study by Bekhit et al. (2018) revealed that hydroxypropyl
methylcellulose films impregnated with encapsulated Lactococcus
lactis subsp. Lactis showed effective inhibition against Listeria
monocytogenes. Employment of crystalline nanocellulose, whey
protein isolate, and inulin as wall material microencapsulated
probiotic powder of Lactobacillus rhamnosus was prepared by
employing freeze-drying technique and was later checked for
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TABLE 3 | Research findings related to the effect of encapsulated antioxidants in edible packaging on oxidative stability of food products.

Bioactive compound Encapsulating
material/techniques
used

Food application

Bioactivity reported

References

Betanin Nanoliposomes Fresh beef

Represented high DPPH inhibition activity (63.02 + 3.26%) as Amjadi et al., 2020

well as high antibacterial activity

Blackberry pulp (Rubus Microencapsulation of

fruticosus) bioactive by using spray
drying and freeze drying
with arrowroot starch and
Arabic gum as wall
material

Cumin seed essential  Nanoemulsions Beef hamburger

Enhanced antioxidant activity

Naocarriers incorporated cellulosic papers had enhanced

Nogueira G. F. et al., 2019

Hemmatkhah et al., 2020

oil effect on beef hamburgers by significantly reducing TBARS,
total mesophilic, and psychrophilic bacteria.

Pineapple peel extract Microencapsulation using Beef
spray drying

Meat samples wrapped in these bioactive films containing
encapsulated peel extract had enhanced antioxidant activity

Lourenco et al., 2020

(between 0.15 and 0.35 pmol FeSO4-7H,O/g dried film) as
compared with the control sample (0.02 wmol FeSO4-7H20/g
dried film).

Polyphenols (curcumin, Nanoemulsions Chicken meat
gallic acid, and

quercetin)

Gelatin composite films incorporated with nanoemulsion
of curcumin manifested maximum antioxidant activity (27.20 + Zhang X. J. et al., 2019
0.02%, 45.9 £ 0%, and 60.51 £ 0.36%) at 5, 10, and 20%

Khan et al., 2020 and

nanoemulsion concentrations respectively.

Impregnation of gelatin films with nanoparticles of chitosan

Liu et al., 2015

had a convincing effect (p > 0.05) on oxidative rancidity as a
result of good oxygen barrier properties of nanoparticles and
formation of bigger agglomerates at the surface.

Tea polyphenols Nanoparticles Sunflower oil

Garlic oil, Nanoemulsion Gelatin-chitosan (4:1)
cinnamaldehyde, and based fims
a-tocopherol

Thyme essential oil Nanoparticles Mayonnaise

Films with nanoencapsulated active compounds (NAC)
showed high antioxidant activity and were very effective 2018
against Pseudomonas aeruginosa.

Antioxidant activity represented by thyme essential oil

Pérez-Cordoba et al.,

Passos et al., 2019

nanoparticles was comparable with synthetic antioxidants
butylated hydroxy toluene when applied to mayonnaise stored
for 8 days at oven temperature.

their viability under simulated gastrointestinal conditions. It
was endowed from the results that survivability of probiotic
improved exceptionally (p < 0.05) (Maleki et al., 2020). Soukoulis
et al. (2014) formulated prebioti- based edible films using inulin
wheat dextrin, poly dextrose, and glucose oligosaccharides as
a conveyor for encapsulating probiotic Lactobacillus rhamnosus
GG. It was manifested that all the four prebiotics film helped in
ameliorating the stability of the probiotic strain.

IMPACT OF ENCAPSULATION ON THE
PROPERTIES OF EDIBLE
FILMS/COATINGS

The knowledge of different physicochemical, mechanical, and
other techno-functional properties of films is of scientific as
well as technological importance owing to their wider industrial
applications including the packaging and encapsulation
of bioactive components. The incorporation of bioactive
compounds/nutraceuticals in  the edible film/coatings
concomitantly modify the structure due to the physical and
chemical interactions with different biopolymers present in
matrix and hence structural, mechanical, optical properties

are improved/altered (Malherbi et al., 2019; Nogueira I. F.
et al., 2019; Chen et al,, 2021). Studies report that some of the
encapsulated bioactive components have potent antioxidant and
antimicrobial properties which further result in the improvement
of applicability of bioactive-encapsulated films/coating thereby
improving the shelf stability of food systems (Benbettaieb et al.,
2019).

Optical Properties

The optical properties are one of the important characteristics
for commercial applicability of edible films. A film is supposed
to be optically transparent in some circumstances and turbid
or opaque in others. Furthermore, the film/coatings prepared
should have the ability for selective transmission of light as it
could ensure the shelf stability as well as quality of light-sensitive
food ingredients and components viz, fats, carotenoids, vitamins,
curcumin, etc. (Chen et al., 2021).

Refractive index, light scattering, particle size, and
concentration of encapsulated bioactive material govern
the optical properties of edible films. The refractive index of
edible films refers to reflection or transmission of light through
their surfaces. The higher the refractive index, the stronger
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is the reflection and lower is the transmission. As the solids
content increases in films, the effective refractive index also
increases. The clarity/opacity of the films is influenced by
scattering and selective absorption of different light waves.
Extent of light scattering depends on particle size, concentration,
and relative refractive index of the incorporated bioactive
ingredients into an edible film. When the particle concentration
is low or when the particles have the same refractive index with
respect to the surrounding film, the edible film may appear
transparent, contrarily, it appears turbid or opaque when the
particle concentration is high or the particles have a greatly
different refractive index. When the particle size ranges from
200 to 2,000 nm, then the degree of light scattering reaches its
maximum value. The edible film/coating is optically transparent
when the particle size falls within the range of 40-50 nm. The
selective absorption of light waves by the bioactive ingredients
in edible films/coatings has great influence on determination of
color. In many food systems where color is an important quality
characteristic, adding natural pigments along with bioactive
compounds, viz., carotenoids, curcumin and anthocyanins, while
formulating the edible films/coatings can be controlled (Silva-
Weiss et al., 2013; Chen et al., 2021). Anthocyanin-encapsulated
maltodextrin edible film reported to form clear transparent
edible film with lower opaqueness with insufficient protection
against light (Stoll et al., 2016).

Mechanical Properties

The incorporation of bioactive components alter the interactions
among biopolymer molecules in edible films, which in turn
affect the mechanical properties viz., tensile strength, elongation
at break, Youngs modulus, etc. (Liang et al., 2017). As a
result, it is important to have discussion about characteristics,
concentrations, and types of bioactive components affecting
the mechanical properties of edible films. The primary factors
for imparting varied mechanical properties to edible films are
both intermolecular and intramolecular interactions between the
components in the film-forming matrix (Basiak et al., 2017).

The mechanical characteristics of edible films are influenced
by the biopolymer utilized. According to a research study,
incorporating nisin into whey protein isolate (WPI) films
dramatically enhanced tensile strength, which was ascribed to
the ability of nisin to stimulate protein-protein interactions
(Ko et al., 2001). Another study found that incorporating nisin
into tapioca starch/hydroxypropyl methylcellulose edible films
decreased breaking stress by 85%, which was ascribed to the
plasticizer effect of nisin (Basch et al., 2013). Depending on
their interaction with the biopolymer matrix, different kinds of
essential oils have been found to have varied impacts on the
mechanical characteristics of edible films (Shen and Kamdem,
2015). Clove oil, for example, is more plasticizing than cinnamon
oil, resulting in chitosan/gum arabic films with lower tensile
strength (Xu et al., 2019a).

The mechanical characteristics of edible films are also affected
by the particle size of the active ingredient and the relative
humidity of the environment. Smaller oil droplet sizes can
help build a continuous network inside the biopolymer matrix,
increasing interactions between biopolymers and resulting in

edible films with greater tensile strengths (Xu et al, 2019b).
High relative humidity leads biopolymers to absorb water and
expand/swell, resulting in decreased tensile strength in sodium
alginate films (Ruan et al., 2019).

The concentrations of bioactive compounds are also reported
to have an impact upon mechanical properties of edible
films/coatings. Decrease in tensile strength and increase in
elongation at break was noticed in eugenol/corn starch/chitosan
films as the eugenol content varied from 3 to 6% (w/w)
(Zheng et al., 2019). This is because the intramolecular and
intermolecular cross-links between eugenol, chitosan, and starch
initially condensed the biopolymer structure; however, as the
eugenol concentration increased, the tensile strength of the
composite film decreased, possibly because the biopolymer
network ruptured (Zheng et al., 2019). A similar phenomenon
was observed in a study of citric acid/potato starch/chitosan films.
As the concentration of citric acid increased from 5 to 15% (w/w),
the tensile strength of the film increased gradually from 9.27
to 12.6 = 1.0 MPa but further increase (up to 20%), resulting
in the decrease in the tensile strength of the film. The reason
could possibly be attributed to high citric acid concentrations,
which serve as a plasticizer and diminish the interaction between
macromolecules, resulting in a decrease in tensile strength of the
edible film (Garavand et al., 2017; Wu et al., 2019).

Gelatin ~ films  prepared from  anthocyanin-loaded
nanocomplexes along with chitosan hydrochloride and chitosan
carboxymethyl were reported to have improved tensile strength,
elongation at break, thermal stability, and antioxidant properties
in comparison with pure gelatin films without nanocomplexes.
This improvement in properties of films might be ascribed to
bonding between the hydroxyl groups and the polar groups of
gelatin that resulted in uniform distribution of nanocomplexes
within the gelatin network (Wang et al., 2019).

Furthermore, curcumin-encapsulated native and acetylated
starch nanocomplexes (0.01 to 0.1%) were reported to enhance
the tensile strength of aloe vera gel and banana starch-based
edible films. Native starch nanoparticles in the films had
numerous hydroxyl groups which resulted in the formation of
strong hydrogen bonding within the film matrix that resulted
in increased tensile strength. On the contrary, the acetylated
starch nanoparticles had less number of hydroxyl groups due to
acetylation of starch; therefore, these films had decreased/lower
tensile strength and elongation at break. Additionally, curcumin
is a strong hydrophobic molecule; it inhibits the interaction
of water with the film matrix, thus, lowering water vapor
permeability and solubility. These findings show that the film
properties are strongly dependent on the nature and properties of
encapsulated bioactive compounds, as well as the compatibility of
both the encapsulating and film-forming materials with bioactive
compounds (Nieto-Suaza et al., 2019).

Water and Gas Permeation Properties

The extent of moisture and gas permeation is a crucial functional
property of the edible film/coatings. Incorporation/encapsulation
of bioactive components having different functional groups like
hydroxyl and carbonyl groups, give them both hydrophilic
and hydrophobic characteristics. Therefore, when such bioactive
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components are added to film formulations, hydrophilicity
and hydrophobicity affect the water transfer between the film
and surrounding materials. Bioactive compounds make cross-
linkages with the groups of biopolymers present in formulation
and increase the compactness of the edible film structure,
thereby affecting/reducing the rate of permeation of water vapor,
oxygen, carbon dioxide, and other gases. For example, essential
oils are hydrophobic bioactive ingredients that can reduce the
penetration of water vapor by increasing the hydrophobicity
of edible films (Sanchez-Gonzalez et al., 2011). However, in
a study on cassava starch or cassava starch/hydroxypropyl
methylcellulose (HPMC) films, it was found that the addition of
nisin led to an increase in WVP, which may be due to the fact that
nisin has a disruptive effect on the structure of the biopolymer
matrix (Basch et al., 2013). On the other hand, Dammak et al.
(2017) observed an increase in water vapor permeation of gelatin
films loaded with rutin nanoemulsions.

Curcumin was encapsulated in nanohydrogels to the
carboxymethyl cellulose (CMC) film-forming solutions. It
was noticed that incorporation of encapsulated curcumin
significantly altered the mechanical as well as functional
properties of CMC films. Water vapor permeability was lowered
by the presence of nanoencapsulated curcumin which might be
due to change in density of film matrix that led to decreased
diffusion of gases (Bourbon et al, 2021). On the same lines,
another study conducted by Mirzaei-Mohkam et al. (2020) also
reported decreased WVP values in the case of nanoencapsulated
vitamin E in CMC films. The decrease was attributed to porosity
caused by the nanocapsules which altered CMC film matrix.

Antimicrobial Properties

Edible films incorporated with antimicrobial ingredients are
important for preventing food deterioration thus ensuring safe
food. Antimicrobial ingredients can be added both in free as
well as encapsulated form. Antimicrobials are encapsulated to
enhance their properties like dispersibility, compatibility, as well
as stability in terms of better retention and release characteristics
by maintaining concentration above the minimum inhibitory
concentration (MIC) within the edible films. Furthermore, the
efficacy of antimicrobial action of edible films depends upon
types of spoilage microorganisms, film-forming materials used,
and antimicrobial agents/compounds (Benbettaieb et al., 2019).
Adding bioactive ingredients to edible films can significantly
improve their antimicrobial properties. Studies demonstrated
that eugenol incorporated in chitosan/acorn starch (CS/AS) films
exhibited significant inhibition action against Escherichia coli and
Staphylococcus aureus (Zheng K. S. et al., 2019). As discussed
above, encapsulation improves the efficacy of antimicrobial
agents in edible films, but in few cases, contradictory findings are
also reported. Cinnamon oil encapsulated within nanoliposomes
was not able to enhance the antibacterial activity of the films,
which might be attributed to conceivably less penetration of
essential oil into the bacterial cell membranes (Wu et al., 2015).
Akin to this finding, bioactive compound nisin encapsulated
within liposomes was also reported to have placid inhibition
action on food-borne pathogens in comparison with non-
encapsulated/free nisin (Imran et al.,, 2012). Therefore, it can

be concluded from the above studies that while researching the
antimicrobial activity of encapsulated active compounds in edible
films, it is critical to examine the homogenous distribution of
bioactive compounds between the film and the bacteria because it
will affect its minimum inhibitory concentration. Nanoemulsions
combined with ground meat or fish products help to even
distribution of bioactive components throughout the product,
whereas nanoemulsions dipped or coated on the surface of meat
or fish goods aid in preventing surface spoilage in meat or fish
products (Das et al., 2020).

Edible coatings incorporated with oregano essential oil
nanoemulsion applied on tomato surface were found to
have significant inhibitory action on the growth of spoilage
microbes. However, these nanoemulsion-based edible coatings
also retained the other quality characteristics of the tomatoes
stored at ambient temperature conditions for more than 2
weeks (Pirozzi et al, 2020). Alginate-based edible coating
encapsulating lemongrass essential oil applied on fresh-cut Fuji
apples prevented the activity of Escherichia coli (Salvia-Trujillo
et al., 2015). Gelatin films loaded with curcumin nanoemulsions
exposited significant antimicrobial activity against pathogenic
bacteria—Salmonella typhimurium and Escherichia coli. The
bioactive compounds found in different essential oils are known
to have broad spectrum antimicrobial activity by destroying
bacterial cell integrity, inhibiting the respiration and ion
transport mechanisms ultimately causing death (Al-Tayyar et al.,
2020).

Antioxidant Properties

Addition of antioxidants to edible films/coatings leads to increase
in shelf stability of lipid-based foods, also aids in inhibition
of oxidation and browning reactions, thus better retention
of color as well as quality nutrients of foods (Bonilla et al.,
2013). Generally, the antioxidant properties of a film depend
upon encapsulated bioactive ingredient, film-forming material,
encapsulation technique, and type of food system in which it is to
be added. The addition of antioxidant components will alter the
microstructure and mechanical characteristics of the film, which
are dependent on the properties of the active ingredients and
biopolymers, influencing the antioxidant capacity of edible film
(DeNobili et al., 2013).

Polyphenols, essential oils, tocopherols, carotenoids,
flavonoids, etc. are known to possess excellent antioxidant
properties (Tian et al., 2013). Antioxidants exhibit their action
via different mechanisms, such as chelation of metals, singlet
oxygen scavenging, inhibition of peroxide enzyme, scavenging
free radicals, and their stabilization through hydrogen radical
transfer. Therefore, selection of suitable bioactive ingredients
with potent antioxidant activity is a crucial parameter to be
taken into account while encapsulation in edible films for
enhancing antioxidant properties (Gomez-Estaca et al., 2014).
Studies report that the antioxidant property of edible films
is directly proportional to the concentration of the bioactive
compounds encapsulated (Norajit et al., 2010). Ellagic acid, an
antioxidant, incorporated in edible films showed noticeable
increase in antioxidant activity (from 0 to 28%) with increase
in its concentration (from 0.5 to 5.0%) (Vilela et al., 2017).
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Akin to this study, the antioxidant efficacy of tannins and
catechins incorporated sodium caseinate films was examined.
The antioxidant property of tannic acid-encapsulated films
was higher than that of catechin-encapsulated films, which
was ascribed to variations in molecular weight, aromatic ring
number, and hydroxyl radical substitution (Helal et al., 2012).
Bioactive compounds with antioxidant characteristics and
edible film/coating components should be compatible in order
to obtain uniform antioxidant distribution and enhanced
antioxidant retention and release in the edible film. Several
research investigations have shown that edible films containing
antioxidants can be used to extend the shelf life of foods that
are vulnerable to oxidation (Stoll et al, 2016; Khan et al,
2020). Carboxymethyl xylan films formed with encapsulated
licorice oil significantly improved shelf stability by inhibiting
lipid oxidation and scavenging free radicals thus arresting the
chain propagation of peroxide formation (Luis et al, 2019).
Food-grade nanoemulsion loaded with bioactive compound,
curcumin incorporated in gelatin-based edible films showed
maximum free radical scavenging/antioxidant property thus
improving the shelf life/quality of fresh broiler meat up to 17
days as compared with non-encapsulated gelatin films (Khan
et al., 2020) Microbial growth in red beef during storage was
significantly inhibited by alginate films containing encapsulated
pineapple peel antioxidants (Lourenco et al., 2020).

LIMITATIONS IN ENCAPSULATION

A considerable amount of research available on encapsulation of
bioactive ingredients deals with critical evaluation of different
microencapsulation technologies along with their potential
applications and limitations. There is still a substantial gap of
knowledge between development of various microencapsulation
technologies and their effective commercial application. No
single method can be applied to all types of core material, and
an individual design approach is required for different cores and
different applications. Moreover, the food processing industry
has to address a number of challenges pertaining to storability
and stability of encapsulated bioactives.

Methods like spray drying which involve high temperatures
might damage sensitive compounds like vitamin C, B-carotene,
lycopene, anthocyanins, various colors, and flavors. In the dryers,
dry particles may stick to the walls and not be recovered, which
could lead to a lower product yield (Kanwate et al, 2019).
Various economic, time aspects and factors such as type of
wall material, heat sensitivity, and solubility of encapsulated
bioactive compounds, presence of other constituents should be
considered. To dehydrate heat-sensitive materials, freeze drying
is an apt technique but requires a long process time and the
need for reduced pressure condition, achieved by a vacuum pump
results in higher cost due to increased energy consumption.
Extrusion method of edible film formation limits the use of
various polymers because of the ability to only process raw
material blends that are low in moisture and can withstand
high temperature. Also, cost of maintenance and requirement of
specialized equipment adds to the economic aspect.

Among physicochemical methods, microencapsulation by
lysosomes involves a series of complex posttreatment steps
which might be tedious (Trucillo et al., 2018). There are other
limitations such as a broad range of particle size distribution,
poor physical and chemical stability, lipid oxidation, and
improvement of the process at an acceptable cost level. Lysosome
microencapsulation gives high availability bioactive compounds
but decreased physical stability and chemical stability are
a concern. Interfacial polymerization technique is limited
by factors like altered biological activity of proteins during
polymerization and less control over quality and yield of polymer
membrane. Also, the use of organic solvents in the oil phase
may lead to environmental pollution due to volatile organic
compound emission (Xiao et al., 2018).

Type of edible film materials used is another important
factor for microencapsulation. Polysaccharide-based films are
hydrophilic in nature and thus are not good as water barriers,
which might lead to dehydration (Dehghani et al., 2018). Protein
coatings are also hydrophilic with little mechanical strength, thus
limiting their application with preference to other polymers.
Lipid-based films, although hydrophobic, might be prone to
rancidity while their waxy texture and taste are also major
problems (Jeevahan et al., 2017).

The economic aspect of microencapsulation is also an
important factor to consider as the cost of materials, high
capital, and operating cost make the formulation process
more expensive than standard formulations. There may
be difficulty in selection of appropriate technique and
methodology since a lot of information on microencapsulation
is still patented. Also, additional skill and knowledge
required, difficulty to achieve uniform coating, problems
with large-scale manufacturing, reduced shelf life, and
inadequate stability of sensitive pharmaceuticals such as
hygroscopic drugs are factors that limit the efficient use of
microencapsulation technique.

FUTURE PROSPECTS

Over the last decade, there has been a considerable
increase in research and commercial interest in bioactive
compounds having antimicrobial and antioxidant activity.
To satisfy customer demands and provide a product
that is free of pathogenic contaminants or without
any changes in its organoleptic properties, new food
preservation  techniques such as encapsulation are
being studied and new avenues are continuously being
explored. Various food products such as meat, milk,
eggs, yogurt drinks, peanut butter, various spreads, fruit
juices, and bread are being incorporated with various
bioactive ingredients due to soaring demand of functional
foods such as probiotics, omega-3 fatty acids, vitamins,
and phytochemicals.

In various industrial applications, the most commonly
used microencapsulation method is spray-drying based, but
new encapsulation methods such as electrospraying, complex
coacervation, and inclusion complexes for various bioactive
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compounds are continually being explored with new knowledge
added to the existing information field. Research on the complex
coacervation technique has indicated a higher product yield and
stability of the resulting product, but a major drawback remains
in the limited availability of shell material. Gelatin has been the
most prominent protein to be successfully used on a commercial
scale using coacervation technique along with gum arabic.
However, in the presence of polysaccharides, plant proteins have
also been found to be capable of forming complex coacervates
(Muhoza et al., 2020). Their lower cost, higher availability, and
ecofriendly nature with other functional properties are also
some of the factors that should encourage more research in this
field. Various reports have suggested that complex coacervation
microcapsules of essential oils can potentially control microbial
growth in stored fresh and processed foods such as fruits, milk,
vegetables, juice, and cakes.

Formation of inclusion complexes is recently being studied
for release control of hydrophobic active compounds.
Inclusion complexes are made up of a host and a guest
molecule bonded by non-covalent interactions. The host
cavity contains hydrophobic molecules or parts of molecules
that, in the presence of water, are able to fit into the host
cavity (Adel et al, 2019). This formation results in changes
to the guest molecule solubility but without modifying it
chemically. Cyclodextrin inclusion complex improves stability,
antioxidant, antibacterial, and biological properties of active
compounds (Tian et al, 2020). Electrospraying also has a
lot of potential for food packaging and functional foods,
since antioxidant and antimicrobial bioactive compounds can
be integrated with electrosprayed particles with ease. Most
commonly used natural polymers for electrospraying like
zein, chitosan, and gelatin are relatively expensive and might
lead to undesirable flavors, so testing new polymers which
are preferably water-soluble and natural should be a priority.
Electrospraying has low throughput, so commercialization of
encapsulated compounds through electrospraying should also
be explored.

Antimicrobial packaging is another avenue to be considered
as the focus is shifting from the use of oil-derived, non-
biodegradable and non-compostable synthetic antimicrobials to
biodegradable, eco-friendly packaging material such as cellulose,
chitosan, and zein are incorporated with compounds like
plant extracts, essential oils, bacteriophages, and bacteriocins.
Problems due to inherent volatilization of essential oils
and other compounds decreased stability of naturally
derived compounds due to proneness to degradation by
light and heat which are the bases of the search for new
strategies that focus on durability and efficiency of the new
antimicrobial packaging materials. Focusing on surface-
functionalized nanoparticles in the future studies to further
boost the activity of antimicrobial agents can be explored.
Most of the in vivo and in vitro studies have focused
on bioavailability and release of encapsulation products,
so a thorough evaluation of interaction of encapsulated
antimicrobial compounds with other ingredients in formulations
and assessment of their activity and release is required.

Modification of organoleptic properties and texture of functional
foods, boosting oxidative resistance of high-oil foods and
preventing hindering microbial growth in food systems are
various promising aspects that should be focused upon in
the future.

APPLICATIONS IN THE INDIAN FOOD
INDUSTRY

Encapsulation has a variety of purposes in the food industry,
like improvement of stability and bioavailability of functional
foods. Various targeted delivery systems like nanoemulsions,
emulsion bilayers, surfactant micelles, etc. for provision and
encapsulation of functional foods are being used (Jampilek et al.,
2019). Due to public demand and health issues, production
of bioactives dubbed as generally recognized as safe (GRAS)
is important. For marketing purposes, sensory acceptance is
an important parameter. Enhanced bioaccessibility, increased
solubility, better stability when produced or stored, increased
antitumor activity, antimicrobial food packaging, and improving
food safety are some key applications and influences of
encapsulation technology.

Emulsion-based delivery systems for encapsulation of
essential oils with food-grade material to reduce lipid oxidation,
restrict microbial growth, and improve the shelf-life of foods
have also been explored. Edible films can also be used for
preservation of foods such as meat, milk products, yogurt, fruits,
bread, and vegetables. Antioxidant activity of double emulsion
fortified with encapsulated Murraya koenigii berry extract
improved oxidative stability of reduced-fat meat batter with
more stable meat matrices (Kumar and Kumar, 2020). Fresh-cut
pineapples which are high in fibers, minerals, and ascorbic acid
but with a significantly short shelf life have been fortified with
citral nanoemulsion incorporating edible coating successfully
with better microbial quality and shelf life (Prakash et al., 2020).
Encapsulation of vitamin Dj through nanostructured lipid
carriers for producing fortified lassi showed positive results
and higher acceptability after sensory/organoleptic evaluation
(Maurya and Aggarwal, 2019).

Use of food by-products as functional foods using
encapsulation technology, like irradiated onion scales
encapsulated in alginate beads can have considerable potential
as functional ingredients in various foods (Kanatt et al., 2017).
Deriving nanoemulsions from fruit peels discarded by the
food processing industry like citrate peel and carrot peel has a
potential for further utilization. Development of B-carotene-
loaded nanoemulsion from citrus peel resulted in increased
retinol activity equivalents and bioaccessibility of B-carotene
(Barman et al., 2020).

C-Phycocyanin, a phycobiliprotein used in food industry as
a natural dye (dairy products, chewing gum, ice cream jellies),
therapeutics, biomarkers, pharmaceuticals, and healthy food,
when microencapsulated with extrusion dripping technique was
found to have a slow degradation at higher temperature with
improved stability and shelf life (Pradeep and Nayak, 2019).
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CONCLUSION

Encapsulation technology has come up as a unique and latest
technology. It provides new opportunities and helps in solving
the challenges faced by food as well as pharmaceutical industry.
In the arena of edible films, the encapsulation technology has
emerged as a boon as it incorporate various bioactive materials
which are released/delivered at target areas in a very precise
manner to improve stability, flavor, color, and texture of foods
during processing and storage. Furthermore, the strategic use of
these bioactive edible films as vehicles for the tailored/targeted
delivery of bioactive ingredients has been proven beneficial for
safety as well as shelf-life extensibility of different foods. However,
there are challenges in the way of encapsulation technology which
limits its commercialization. Processing problems, high costs,
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