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Abstract

Encapsulation in food industry serves several functions including masking of
undesirable color/flavor/taste, preservation of unstable constituents, incorpo-
ration of additional functional and nutritional components and site-specific re-
lease of encapsulated ingredients at a controlled time and rate. The knowl-
edge of microencapsulation in other sectors like pharmaceutical industry is
well advanced; however, more understanding is required to harvest the
maximum benefits from food industry. This paper started with highlighting
the gradual progress of microencapsulation process in food industry and
ended up with some invaluable suggestions for future works. In the body, the
paper reviews the major techniques of food encapsulation, choices of coating
materials and the performance measurement methods of food encapsulation.
Future trends, scopes and aspects of microencapsulation process in food
manufacturing sector are also presented as the necessary recommendations
for future researches. The article would help the microencapsulated food
manufacturers to choose the target oriented encapsulates and suitable encap-
sulation technique.
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1. Introduction

Encapsulation is an extensively used technique for designing engineered prod-

ucts in various food industries especially in functional and specialties food
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manufacturing, food processing and product innovation. It involves entrapping
a functionally active core material into a matrix of an inert material (Figure 1).
The material which is to be encapsulated is known as core or active material. It is
also known as fill, internal phase or payload. On the other hand, the material
which is used to encapsulate the active ingredient is called coating material, wall,
capsule, membrane, shell, matrix or carrier material [1] [2] [3] [4]. The concept
of cell encapsulation was discovered first time by [5] [6]. Encapsulation tech-
nology was industrially applied first time almost after two decades to obtain
pressure-sensitive coatings for the manufacture of carbonless copying paper [7].

Microencapsulation technology received increased interest in industrial ap-
plication owing to its ability to provide protection to unstable bioactive compo-
nent, incorporate new functional properties into designed food products and ef-
fectively deliver the active material at targeted site at controlled rate. As a con-
sequence, various methods of encapsulation have been explored for a long time.
However, the choice of the suitable process varies with the nature of the active
ingredient, the properties of the shell material and the desired characteristics of
the final product based on the intended use.

In general, food grade proteins and polysaccharides are used to encapsulate
sensitive and bioactive food ingredients including highly unsaturated edible oils
(e.g. fish oils), vitamins, enzymes or various flavours for enhancing their shelf-life
and/or masking the undesirable flavor or taste [8]; however, recent research
works focus on enhancing the functionality and health benefits of processed
foods and enhancing the efficacy of probiotics and targeted delivery of various
enzymes or coenzymes, bioactive peptides and other therapeutic agents [9] [10]
[11] [12]. Controlled and sustained release and targeted delivery have been
achieved by encapsulating artificial sweeteners, therapeutic proteins and other
bioactive ingredients [13] [14] [15] [16]. Although protection of the bioactive
ingredients from the environmental stressors (viz. oxygen, radiation, light,
moisture and adverse pH conditions) and controlling the release of actives from

the food matrices in the right place at the right time and desired rate are primary
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Figure 1. Schematic diagram of encapsulated core in shell material.
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objectives of encapsulation research, recent trends are to improve the product
handling in terms of reduced toxicity, reduced cost and enhanced bioavailability
of a nutrient. The ultimate objective is to extend product shelf life and improve
the overall acceptability of the engineered product [2] [17] [18] [19].

Structural and functional aspects of shell matrices and their compatibility with
the core also play vital roles in their efficacy and overall acceptability as encap-
sulants in food industries. Functional attributes such as solubility, interfacial
properties, gelling capacity and economic factors such as cost and availability are
some of the important factors to be considered during matrix selection process.
In the same way, ability of the shell material to impart the desirable functional
properties in the final product is the single-most important factor to be consid-
ered. There are several proteins and polysaccharides that are widely used in food
industries. Gelatin, an animal protein usually derived from mammalian or fish
sources, is one of them. It has been used in most of the commercial and research
applications as a wall material in various encapsulated foods [20]. However, re-
cent encapsulation research has focused on finding suitable alternative to gelatin
because gelatin is obtained from animal sources and is not accepted by certain
group of consumers based on dietary preferences and religious beliefs [21] [22]
[23]. As a result milk proteins viz. whey protein and casein and various proteins
and polysaccharides of plant and microbial origin have been investigated for
their applicability in food encapsulation [24] [25] [26] [27]. Various types of
omega-3 oils [28] [29] [30], flavors [31], oleoresins [32] [33],vitamins [34], an-
tioxidants [35], phenolic compounds [36], artificial sweeteners [14], probiotic
microorganisms [37] [38], enzymes [39], acidulants [40] [41], leavening agents
[42], colorants [43], and minerals [44] have successfully been encapsulated using
various encapsulation methods and combination of shell matrices [7] [45] [46].
Reference [47] also encapsulated ethylene gas in a matrix of a-cyclodextrin using
inclusion complexation method so as to facilitate its handling and application in
fruit ripening.

Stability of the encapsulated active is one of the most important aspects of en-
capsulation process. Various literature [48] [49] [50] [51] reported that stability
of the active ingredient largely depends on the structure and functionality of
shell matrix, the processing conditions and the core-shell interactions if any ex-
ist. The success of the encapsulation technology depends on correct approaches
to understanding the sensitivity of the active ingredients to a variety of physical,
chemical and environmental factors, which may cause either the loss of biologi-
cal functionality, chemical degradation or a premature or incomplete release of
the actives [50]. Therefore, study of the release behaviour of the active and in-vivo
experimentation give better picture of the efficiency of the encapsulation proc-
ess. Although there are several studies that focus on the microencapsulation
process optimisation and increase in the stability of the core, there are limited
studies that report the core release behaviour and kinetics, its digestibility and

subsequent physiological utilisation. Recently, [52] studied the release patterns
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and digestibility of chia seed oil from the microcapsules prepared by using chia
seed protein, chia seed gum and protein-gum complex coacervates as shell ma-
trices. The authors have reported that complex coacervation based matrix not
only enhances the stability of the PUFA-rich oil but also slows down its prema-
ture release in the oral or gastric phase, thus protecting the core from adverse
effect and delivering it in the intestinal phase in intact form.

Spatial distribution of the core inside the microcapsule is also another impor-
tant factor that influences the stability and release of the core; however, there is
paucity of information in the literature on the topic. One of such studies [53]
that investigated the distribution of chia seed oil inside the spray-dried micro-
capsule showed that nature and composition of microcapsule matrices had sub-
stantial influence on the core distribution, its stability and thus the release be-
haviour of the core from the matrix.

Microencapsulation technology has been gaining popularity in food and
pharmaceutical industries in last 2 decades; however, it is becoming more and
more popular in recent years. There are several book chapters, review articles
and research papers published in this area that focus on various aspects of this
emerging and innovative technology; however, there is still scarcity of articles
that provide comprehensive review of various microencapsulation technologies
and recent advances in that arena. Therefore, this article aims to fill that litera-
ture gap. We attempted to provide detailed information on currently available
various microencapsulation techniques, shell materials used and future trends in
microencapsulation and functional food sector. The performance measurement
methods are also included. We believe that this review paper will be a useful re-
source for pharmaceutical scientists, food technologists and functional food manu-

facturers.

2. Encapsulation Techniques

Depending on the nature of the core and intended use of the finished products
several encapsulation techniques have been investigated. Various methods of mi-
cro/nanoencapsulation have been described in various literatures with their ap-
plication in food, pharmaceuticals, agriculture, textiles, paper and other allied
industries [54] [55] [56] [57] [58]. These methods vary in their complexities.
Coating of an active by a solution of shell material is the simplest method of en-
capsulation used in food industries. It involves pan, spray or fluidized bed coat-
ing followed by drying. Other methods involve the emulsification of a core ma-
terial (e.g. oil or enzyme) with a solution of a wall material (usually a polysac-
charide or a protein or their synergies) followed by drying process to obtain the
encapsulated material in dry powdered form for convenient handling and stor-
age [7].

The proper designing and functioning of encapsulation systems require a
physicochemical understanding of the encapsulation mechanisms, possible in-

teraction of the actives with the shell matrices, active stability and release behav-
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iour from the shell matrix. Incorporation of additional stabilizing agent can also
play an important role in the success of the whole process of encapsulation [7]
[59].

This section describes some of the commonly used encapsulation methods

and recent development in their application in food research.

2.1. Coating

Coating of the granules, pellets or tablets with a solution of wall material by
tumbling in a pan or similar equipment is the simple physicomechanical meth-
ods of encapsulation which is widely used in pharmaceutical and food industries
[60]. Reference [61] reported the scale-up process for pan coating in pharma-
ceutical industries; however, application of this coating in food sector is not well
advanced. Other methods used for coating food ingredients are spray [62] and
fluidized bed coating [63] [64] [65] Fluidized bed coating, developed by D.E.
Woaurster in the 1950s is also named as Wurster process. Reference [64] reported
three different types of fluidized bed coating techniques—top-spray, bot-
tom-spray and hot-melt fluidised bed; top-spray coating is considered as the
most feasible process, on technical and economic grounds, for industrial appli-
cation. It is still a prefered method of encapsulation in various food industries
owing to the lower cost of production and requirement of less sophisticated set
up. In bottom spray coating, the liquid pulverizes concurrently with the air and
the particles move towards the bottom of the coating chamber. The resultant
collisions between droplets and particles increase the coating efficiency but
lower the droplets drying. This bottom spray coating results in dense and ho-
mogeneous coating and minimal risk of agglomeration. The process has a
greater drying capacity than other coating systems, due to a relatively high fluid-
izing air velocity. Hot melt fluidized bed coating is relatively newer method of
coating used for encapsulating food ingredients using waxes and hydrogenated
oils; however, it is less applicable for the material with melting point too close to
the melting point of coating material [64]. Reactive layer coating has been re-
ported for agricultural application [66]; however, it is rarely used in food indus-
tries. Reference [62] reported the simple scaling laws based on the geometry of
the equipment and the flow of coating materials for both fluid bed and rotating
drum coaters. Although this scale up was initialy for pharmaceutical application,
they stated that this technology could be extended to food industries also. Simi-
larly [67] developed a processing model for pan coating to facilitate the predic-
tion of content uniformity of the active pharmaceutical ingredient; however,
there is scarcity of information for the food ingredient encapsulation. Reference
[68] reported a computational study using the discrete element method to inves-
tigate the effect of pan speed, fill level and the design of the spray pattern on the
coating variability of tablets coated in a rotating pan. It was found that the axial
mixing was the most critical parameter affecting the coating variability and the
fill level [68].
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2.2, Spray Drying

Spray drying is a highly effective and widely used encapsulation technique in
food and pharmaceutical industries because of its comparative advantage over
other methods of encapsulation. It is highly automated and cost-effective, and
produces a good quality product. One of the most remarkable advantages of the
spray drying is its capacity to process several kinds of materials to produce fairly
dried product with pre-specified properties [69]. In this method, the active in-
gredient is well mixed in the encapsulating material forming an emulsion or a
solution or a suspension. In general, the lipophilic core and hydrophilic shell
materials are used to form an emulsion. The shell material is commonly a poly-
saccharide (e.g. gum or starch) or a protein (e.g. gelatin, milk protein or soy pro-
tein) or their synergies. Usually coarse emulsion is prepared by mixing the core
and shell materials in required quantities. It is usually followed by single stage or
two-stage homogenisation that yields a fine emulsion. This fine emulsion is at-
omized in a drying chamber at a pre-defined flow rate. Schematic diagram of the
spray drying based encapsulation process is shown in Figure 2. When water
from the emulsion is removed by application of thermal energy, it yields a
coated dry active ingredient, more stable to moisture, oxygen, light and other
environmental stressors [70]. Finally, the formation of matrix type micro cap-
sules [71].

Spray drying technology provides high production rates at relatively low operating

Mixed Feed of core and
wall material

Air filter Heater

Encapsulated
product

Figure 2. A schematic diagram of microencapsulation process by spray dryer.
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costs and the resulting product is stable and easily scalable [72]. Several unstable
and sensitive products including polyunsaturated fats (PUFA), vitamins, en-
zymes and polyphenols can be encapsulated into inert matrices to make them
stable and more effective. However, most probiotic strains do not survive well at
high temperatures and dehydration during spray-drying process [70]. Loss of
viability is principally caused by damage of cytoplasmic membranes [73] and
associated proteins [74]. The introduction of thermoprotectants such as treha-
lose and prebiotics can improve the stability of biomaterials [69] and the viabil-
ity of cells [70]. The addition of thermoprotectants has been used to help over-
come microbial inactivation during drying and stabilization during storage.

2.3. Fluidized Bed Coating/Air Suspension

The process involves the preparation of coating solution, fluidization of core
particles/tablets/granules followed by coating of core particles with coating solu-
tions [64] [74]. The types of materials for fluidized bed coating are water-insoluble
and water-soluble polymers, lipids and waxes. The particles/granules are sprayed
with coating solution at a specific temperature (Figure 3). Application of high
temperature is not required; hence, this method is efficient in saving energy and
time. However, this method is commonly used for secondary coating of the primar-
ily encapsulated products to enhance the stability. For example, corn starch coating

was used as secondary coating on caseinate encapsulated fish oil [75].

2.4. Spray Chilling and Spray Cooling

Spray chilling is the process of solidifying an atomized liquid spray into particles.
In these methods, mixture of core and wall is atomized into the cooled or chilled

Outlet air

Shell material

o

Atomized shell

/' l material solution

Gas flow

Microcapsules
discharge

Figure 3. A schematic diagram of a fluidized bed coating.
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air, which causes the wall to solidify around the core [76]. Unlike spray-drying,
spray-chilling or spray-cooling does not involve mass transfer (evaporation of
water). Therefore, it is more energy efficient process. In spray-cooling, the coat-
ing material is typically some kinds of vegetable oils or its derivatives including
fat and stearin with melting points of 45°C - 72°C, as well as hard mono- and
diacylglycerols with melting points of 45°C - 65°C [77]. In spray-chilling, the
coating material is typically a fractionated or hydrogenated vegetable oil with a
melting point in the range of 32°C - 42°C. In these processes, a melted lipid,
above its melting point, is sprayed onto the core material and allowed to cool;
instant solidification of the lipid takes place yielding almost perfect spherical and
free-flowing microcapsule powders. Microcapsules prepared by spray-chilling
and spray cooling are insoluble in water due to the lipid coating. Consequently,
these techniques are utilized for encapsulating water-soluble core materials such
as chemical fertilisers, pharmaceutical ingredients, water-soluble vitamins, en-

zymes, acidulants, and some flavors [78].

2.5. Extrusion Coating

Extrusion based encapsulation is a convenient method that can be applied to
produce highly dense encapsulated products. It is a liquid co-extrusion process
in which bioactive core and coating agent are pumped separately through a con-
centric orifice located on the outer circumference of a rotating cylinder (ie
head). Core material flows through the centre of the tube; coating material flows
through the other tube. Since the equipment is attached to a rotating shaft both
the core and shell matrix are co-extruded through the concentric orifices as the
head rotates. During this process, centrifugal force impels the rod outward,
causing it to break into tiny particles. Due to the surface activity of the coating
material, it quickly moves at the surface of the core until it completely surrounds
the core material.

A number of innovative foods approved this coating system to encapsulate
products such as flavourings, seasonings, vitamins, and many others. The most
common extrusion techniques include resonance and jet-cutting technique as

well as electrostatic droplet generation [70] [79] (Figure 4). In this method, low

& [ o]

T
(b) Jet cutting method
(a) Resonance method (c) Electrostatic droplet generation

Figure 4. Microsphere preparations by extrusion techniques. Adapted from [79].
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molecular weight carbohydrates including reducing sugars and sugar alcohols
are used as encapsulants. One of the advantages of extrusion based encapsula-
tion is that resultant product is of larger particle sizes (0.1 - 5.0 mm) than that
obtained from other methods of encapsulation. Bead diameter of up to 2.6 mm
was reported in microencapsulation of B. Jongum in alginate [70].

Wall materials used in extrusion process of encapsulation include gelatin, so-
dium alginate, carrageenan, starches, cellulose derivatives, gum acacia, fats &

fatty acids, waxes, and polyethylene glycol [80] [81].

2.6. Liposome Entrapment

Liposome entrapment is a well-known method of microencapsulation since
1970s; however, it has gained popularity after 1990s. It is highly popular in drug
delivery and nutraceutical industry in recent years. Liposomes consist of an
aqueous phase that is completely surrounded by a phospholipid-based mem-
brane [82]. These are formed in situ when phospholipids, such as lecithin, are
dispersed in an aqueous phase. During spontaneous formation liposomes sur-
round the core material which can be either aqueous or lipid-soluble. They have
been used for delivery of vaccines, hormones, enzymes, vitamins and other sen-
sitive neutraceuticals [83]. Usually, liposome based encapsulated products con-
sist of one or more layers of lipids that surround unstable core. The resultant
product is highly stable and of superior quality. Permeability, stability, surface
activity, and affinity of the core and resultant product can be varied through
variations in the size and lipid composition. They can range from 25 nm to sev-
eral microns in diameter. Among various types of liposome that are used in en-
capsulation of food ingredients, large unilamellar vesicles are considered as the
most appropriate liposomes due to their high encapsulation efficiency, simple
production methods, and enhanced storage stability. It is also important to note
that liposome based microencapsulation technology impart enhanced stability to
water-soluble material in high water activity application. A process has been de-
veloped to stabilize vitamin C in the aqueous inner core of liposomes [84]. En-
capsulation of vitamin C gave significant improvements in shelf life (from a few
days to up to 2 months), especially in the presence of common food components
that would normally speed up decomposition, such as copper ions, ascorbate
oxidase, and lysine. Liposomes can also be used to deliver the encapsulated in-
gredient at a specific and well-defined temperature: the liposome bilayer is in-
stantly broken down at the transition temperature of the phospholipids, typically
around 50°C, at which temperature the content is immediately released [78]. In
a different study [85], it has been shown that liposome-entrapped nisin retained
higher activity against Listeria innocua and had improved stability in cheese
production, proving a powerful tool to inhibit the growth of Listeria.

Other microencapsulation techniques such as spray-drying, extrusion coating,
and fluidized beds impart great stability to food ingredients in the dry state but

release their content readily when the encapsulated product is exposed to high
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water activity environment. Targeted delivery of their content in desired site and
specified conditions is an advantage of liposome entrapment [86]. The main is-
sue with this method is associated with the scale up of the microencapsulation
process to a commercial scale [78]. Combination of microfluidization technique
with liposome entrapment process has been shown to be an effective, cost-effective,
and solvent-free continuous method for the production of liposome entrapped
bioactives, neutraceuticals and pharmaceutical ingredients with high encapsula-
tion efficiency. The method can process a few hundred litres per hour of aque-

ous liposomes on a continuous basis [87] [88].

2.7. Coacervation

Coacervation is a partial desolvation of a homogeneous polymer solution into a
polymer-rich phase (coacervate) and the poor polymer phase (equilibrium phase)
[3]. The term originated from the Latin “acervus” meaning “heap”. This was the
first reported encapsulation process used for the industrial production of
microencapsulated products. Coacervation is mainly divided into two categories:
simple coacervation and complex coacervation. The mechanism of microcapsule
formation for both processes is identical, except for the way in which the phase
separation is carried out. In simple coacervation a desolvation agent is added for
phase separation, whereas the complex coacervation involves interaction be-
tween two oppositely charged polymers. Basic steps in complex coacervation are:
1) preparation of solution of two polymers; 2) mixing of lipophilic core with a
polymer solution to form emulsion; 3) mixing of another polymer solution; 4)
change of pH or temperature to induce formation of two immiscible phases; 5)
deposition of the coacervates around the core; and 6) rigidization of the coating
by cross-linking or application of heat (Figure 5). This method is capable of
producing particles with smaller sizes that ranges from 1 to 100 um. It also gives
unusually higher payload (upto 90% for single core and 60% for multicore en-
capsulation. In complex coacervation, a protein and a carbohydrate (gum) are
usually chosen as the shell materials. Protein is a positively charged polymer,
whereas gum is negatively charged. Various biopolymers have been investigated
for complex coacervation based encapsulation process. Gelatin and gum arabic

are the most widely used polymer pairs; however, in recent years, gelatin has

< 0 0
<SS )
=S 0,0,
__I_ S 7SS __I__ o
< 0 of — 7
< < 9] 0
oil Protein Gum

Encapsulated oil droplets
in protein-gum complex
coacervated shell

(polysaccharide)

Figure 5. Flow diagram of the complex coacervation process; coating of core material (oil) by forming

continuous shell around the core particles.
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been replaced with other proteins such as whey protein isolate, lactoferrin and
bovine serum albumin [89].

Major disadvantage of complex coacervation based microencapsulation tech-
nology is that the coacervates are stable within a very narrow range of pH and
ionic strength [53] [90] [91]. This limits the range of polymers that can be used
as shell material in complex coacervation process. Another disadvantage is con-
centration of solute that can be used to form complex coacervates in solution
form. The above discussion concludes that the complex coacervation method
has huge application in food and pharmaceutical industry if associated bottle-

necks are removed.

2.8. Inclusion Complexation

Inclusion complexation is another method of achieving encapsulation. This
technique takes place at a molecular level where S-cyclodextrin is typically used
as the encapsulating matrix. The external part of the cyclodextrin molecule is
hydrophilic, whereas the internal part is hydrophobic. The bioactive cores,
which are apolar, can be entrapped into the apolar internal cavity through a hy-
drophobic interaction [92]. S-Cyclodextrin molecules form inclusion complexes
with compounds that can fit dimensionally into their central cavity (approx. 0.65
nm) [93]. These complexes are formed in a reaction that takes place only in the
presence of water. Molecules that are less polar than water (e.g flavor substances)
and have suitable molecular dimensions to fit inside the cyclodextrin interior
can be incorporated into the complex.

Based on the quantity of water used, there are three ways to produce
p-cyclodextrin based encapsulated products. In the first method, S-cyclodextrin
is dissolved in water to form an aqueous solution, and the flavors are added to
form an inclusion complex in crystalline form. The crystal obtained is then re-
covered and dried to obtain the highly stable product. In the second method,
S-cyclodextrin is dissolved in a lesser amount of water than in the first method
to form a concentrated suspension, and the flavors are mixed to form an inclu-
sion complex in crystalline form. The complex then must be recovered and dried
to obtain free-flowing particles. In the third method, S-cyclodextrin is dissolved
in a much lower quantity of water to form a paste, and the core materials are
mixed thoroughly to form an inclusion complex. This method is superior to the
former two because it does not require further separation and drying [92].
Among all existing microencapsulation methods, molecular inclusion of flavor
volatiles in p-cyclodextrin molecules is the most effective for protecting the
aromas. Encapsulating flavors in this way can provide better protection from
volatilization during extrusion. However, the use of S-cyclodextrin for food ap-
plication is very limited, possibly due to regulatory restriction in a number of

countries [94].

2.9. Ionotropic Gelation

Ionotropic gelation involves interaction of an ionic polymer with oppositely
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charged ion that leads to complexation and cross-linking bewteen the two. The
resultant product is also called a gelisphere. These gelispheres are crosslinked
and spherical hydrophilic polymeric particles that can undergo extensive swell-
ing in simulated biological fluids. This method is widely used encapsulation of
neutraceutical and pharmaceutical products. In a study [95], tea catechins have
successfully been encapsulated in chitosan-tripolyphosphate (CS-TPP) complex
leading to the formation of nanoparticles using a simple ionotropic gelation
method. /n-vitro release study showed that the bioactive core (catechins) was
released over more than 12 hours. Similarly [96] encapsulated selected micronu-
trients (ferrous fumarate, ascorbic acid, and S-carotene) using ionotropic gela-
tion of alginate in native and functionalized form and evaluated their stability at
two levels of temperature (23°C and 45°C) and relative humidity (56% and 100%)
for 6 months. Simulated gastro-intestinal study showed that beads were resistant
to enzymatic and acidic attacks during stomach transit. The authors have con-
cluded that simple ionotropic gelation can be used to yield highly stable encap-
sulated products that are resistant to heat, moisture and acid. It was also con-
cluded that elongated shelf-life and sustained and targeted release of the actives
can be achieved by judicious modification of biopolymer properties.

Although section 2 of this review article lists and describes various methods of
encapsulation applied in food, nutraceutical and pharmaceutical industries, there
are few other methods that have been in use for several years. Polymer-polymer
incompatibility [97], Interfacial polymerization [97] [98], Vibrating Technology
[57], Compression coating [99] and Interfacial solvent exchange [100] are some

of them.

3. Shell Materials Used for Food Ingredients Encapsulation

A large number of substances are used to encapsulate solid or liquid food ingre-
dients. The choice of encapsulating materials depends on the types, origins, and
properties of these food ingredients. Among various shell materials only a lim-
ited number have been certified for food applications as “generally recognized as
safe” (GRAS) materials. In general, these encapsulating agents are biopolymeric
substances such as proteins, gums, lipids or their derivatives. A summary of
these shell materials is provided in Table 1 [101] and the ensuing section pro-

vides more detailed information about these shell materials.

3.1. Carbohydrates

Starch and starch derivatives (e.g. maltodextrin), cellulose derivatives (e.g. car-
boxymethyl cellulose), gums (e.g. gum Arabic, guar gum and chia seed gum) and
pF-cyclodextrin are the commonly used carbohydrate based wall materials. Due
to abundant availability, bland flavour, excellent core protection ability, these
wall materials are used to encapsulate diverse food materials such as oxygen sen-
sitive and PUFA-rich oil, vitamins, proteins & bioactive peptides, enzymes and
flavour [102] [103] [104]. Modified starches are produced by inducing side chains
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Table 1. Commonly used shell materials for microencapsulation in the food industry
[101].

Origin Carbohydrate Polymers Proteins Lipids
Plant Starch and its derivatives Gluten (corn) Fatty Acids/Alcohols

Isolates (pea, soy,

Cellulose and its derivatives Glycerides

chia seed, wheat)
Plant Exudates Waxes
e Gum Arabic Phospholipids
e Gum Karaya
o Flax seed gum
o Chia seed gum
e Locust bean gum
Plant Extracts
o Galactomannans
o Soluble Soybean

Polysaccharides

Carrageenan
Marine 8

Alginate

Microbial/Animal Xanthan Caseins Fatty Acids/Alcohols
Gellan Whey Proteins Glycerides
Dextran Gelatin Waxes

Chitosan Phospholipids (Shellac)

of lipophilic succinic acid to increase the emulsifying ability of starch. Modified
starches are found to show better protection than native and waxy starch [105]
and offer exciting emulsion stability [106].

Gum acacia (Arabic) has been proven as the most effective wall material in
encapsulation of volatile materials such as flavours in spray drying process [107]
[108] [109]. However, higher cost and limited availability of gum Arabic in
comparison to other carbohydrate-based shell materials have restricted its usage
as sole wall material for encapsulation of food ingredients. Therefore, it is
blended with other wall materials such as maltodextrin and mesquite gum in
order to reduce the cost of encapsulating oils and flavours [110] [111] [112].

Other carbohydrate-based wall materials such as S-cyclodextrins, alginates
and chitosan are comparatively new and under study for diverse use in food
sector [113] [114] [115] [116]. Seed gums/mucilages are currently highly ex-
plored carbohydrate-based encapsulating materials. Chia seed gum and flax seed
gum have been used to form complex coacervate with chia seed protein and flax
seed protein respectively to encapsulate PUFA-rich oils [117] [118]. One of the
major advantages of using plant gums as encapsulants is their ability to resist

gastro-intestinal digestion so that they also function as a source of soluble fibre
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and a prebiotic for gut microbiome. In addition, protein free starch and gums
are also suitable to produce hypoallergenic products that are targeted for people

with protein allergy.

3.2. Proteins

Superior physicochemical and functional properties including emulsifying ca-
pacity, gel forming ability and film formation capability make protein excellent
encapsulating materials which find huge applications in food industries [119]
[120]. Gelatin is the widely used shell matrix used to manufacture highly stable
soft gels of omega-3, vitamin D and fish oil. Milk proteins (e.g. whey protein
isolate and sodium caseinate) and other plant proteins (e.g. soy proteins, pea
proteins) have been used as wall materials for several years. Whey protein has
been reported as fantastic wall materials for encapsulating PUFA-rich oils and
sensitive flavours. This protein possesses superior encapsulation efficiency (up to
89.6%) over other proteins such as soy protein (up to 75.9%) [121] [122]. The
authors found that resultant microcapsules recovered by spray drying remain
stable over 60 days at high water activity (a,, = 0.74 - 0.90) [122].

One of the major limitations of using protein as encapsulants is their aller-
genicity to some individuals. Soy proteins, wheat protein (e.g. gluten) and pea-
nut proteins are reported to be highly allergenic to a number of individuals. This
not only limits their application but also warrants manufacturer declaration on
the label for their presence in the designed foods. In addition, proteins are sensi-
tive to structural changes and their effectiveness as wall materials is greatly de-
pendent such as pH, ionic strength and temperature of the emulsions or solution
[123] [124]. However, blending these proteins with other materials, particularly
carbohydrate-based biopolymers, such as maltodextrin, corn syrup solids and
lactose has been reported to be an effective method to minimise environmental

effect on their functionality as encapsulants [125] [126].

3.3. Lipids

Lipids are hydrophobic materials and are insoluble in water. Therefore, they are
widely used to encapsulate hydrophilic substances. Various types of lipids in-
cluding glycerides, fatty acids, waxes and phospholipids have been explored for
their ability to encapsulate food actives [101]. Although lipid based encapsula-
tion technology is relatively young and emerging field, it is becoming highly
popular as a means of delivering bioactive food, pharmaceutical and nutraceuti-
cal ingredients. Four common types of lipid based delivery systems are nanoe-
mulsions, nanoliposomes, solid lipid nanoparticles and nanostructure lipid car-
riers [127].

4. Measurement of Effectiveness
of Microencapsulation Technique

As mentioned previously, one of the important functions of encapsulating food
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bioactive is to protect it from the adverse environmental conditions including
oxygen, moisture, light, heat and pH conditions. Ideally, encapsulated bioactive
is isolated from the environmental stressors. Thus, it becomes stable for longer
period of time. Encapsulated active is fully protected from its unwanted decom-
position and immature release which enhance its bioavailability in the body. An
encapsulation process is regarded successful only when the objective is achieved
in more efficient and cost-effective way. Therefore, measurement of the effec-
tiveness of encapsulation process is essential to assess the success of the devel-
oped technology. Although the effectiveness of the encapsulation process is in-
fluenced by several factors, the following parameters are commonly used to as-

sess its performance.

4.1. Encapsulation Efficiency

Encapsulation efficiency (EE) is the most important parameter to assess the ef-
fectiveness of the encapsulation process. EE determines the percentage of bioac-
tive substance entrapped inside the inert core during encapsulation process. This
can be defined as the ratio of the mass of the core material which is fully en-
trapped inside the wall material to the mass of the core material used in the
formulation. In simple term, if almost all the bioactive is completely entrapped
inside the shell matrix and enhanced the stability of the active, the encapsulation
process results in the highest encapsulation efficiency. In another words, the
technology is successful in providing high degree of protection to the bioactive
core. In the case of PUFA-rich oil encapsulation, entrapment of almost all the oil
inside the shell matrix is desirable which leaves negligible quantity of oil on the
surface of the shell matrix. The oil that is not fully entrapped by the shell matrix
remains on the surface of the shell. This is known as surface fat or free fat. The
surface oil undergoes rapid oxidative degradation as soon as the capsules are
exposed to an ambient atmosphere. Therefore, high surface oil tends to correlate
with off-flavour of microcapsules and reduced consumer acceptance of the re-
sultant product. Ideally for safe storage of microcapsules the surface oil content
should be below 0.1% (w/w), although many emulsion products contain signifi-
cantly higher quantity of surface oil [128]. When oil is encapsulated, the EE can
be calculated by using Equation (1).

EE=—"— (1)

where, EE is encapsulation efficiency, W, is mass of total oil and W, is the mass
of surface oil on the microcapsule. Since EE is one of the important parameters
to measure the effectiveness of the encapsulation process, it is generally meas-
ured in almost all the microencapsulation researches. Since higher EF is associ-
ated with better stability and longer shelf-life of the core, it is always desirable to
increase the EE by choosing the best possible combination of core-wall ratio,
homogenisation process, drying methods and other relevant process variables.

The calculation of EE of some important food materials such as flaxseed oil,
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omega-3 fatty acids and probiotic bacteria can be found at relevant literatures
[38] [129] [130] .

4.2. Release Kinetics

Pattern and kinetics of release of the core material from the capsule is another
main parameter to be used to assess the effectiveness of the encapsulation proc-
ess. Various methods are used to measure release of bioactive ingredients from
the capsules. Release can be site-specific, stage-specific or triggered by changes
in pH, temperature, irradiation or osmotic shock. In the food industry the most
common method is the solvent-activated release. The addition of water to dry
beverages or cake mixes is an example. The release of encapsulated materials
depends on several factors; 1) diffusivity of the bioactive core through the shell
matrix 2) properties of shell matrix such as thickness and integrity 3) type and ge-
ometry of the particle 4) transform affinity from the matrix to environment/solvent
and 5) degradation/dissolution of the matrix materials [7] [131]. In most food
applications, the core material is released by simple diffusion or dissolution of

the shell matrix due to mechanical force or enzymatic activity.

4.3. Particle Size

Particle size and their homogeneity is another parameter that determines the ef-
fectiveness of chosen encapsulation technology. The distribution of the particle
size should be as narrow as possible in order to maintain product consistency.
The size of the microcapsules can be measured using techniques such as laser
scattering (e.g. mastersizer) or particle size imaging using microscopy. High reso-
lution imaging using electron microscopy or confocal laser scanning microscope
(CSLM) is useful for studying the detailed morphology of microcapsules. CSLM
can be combined with staining techniques to gain better insights into the char-
acteristics and distribution of the hydrophobic core and the hydrophilic shell.
The size of microcapsules for food applications should be below 100 pm to avoid

impacting the mouth feel (ie. grittiness) of the food product [128].

4.4. Stability

Stability of microcapsules is very important measure to assess the effectiveness of
the encapsulation process and quality of resultant product. For example, the
primary purpose of microencapsulation of omega-3 rich oils is to protect the
sensitive omega-3 fatty acids against oxidation by providing an oxygen barrier in
the form of inert shell matrix. It is understood that different wall materials offer
different degree of oxidative stability to the core, primarily depending upon the
ability of the shell to inhibit oxygen transfer through it. In general, the oxidative
stability of encapsulated oil is measured by storing the microcapsules under a set
temperature and relative humidity for a defined period followed by measuring
the resultant primary and secondary oxidation products; however, accelerated

methods of measuring the oxidative stability are becoming increasingly popular.
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These accelerated methods include Rancimat®, Oxypress etc. In principle, the
unsaturated fatty acids, especially, omega-3 and omega-6 are the most suscepti-

ble components to oxidative degradation.

4.5. Payload

Payload is another measure of effectiveness of an encapsulation process. This is
the percentage of the oil or active ingredient per gram of the powder. When an
encapsulation process achieves a higher payload, the production of the micro-
capsules becomes more economical and the process is considered more effective.
High payload means that the resultant product contains higher quantity of active
ingredients and thus lesser quantity of resultant product is sufficient to deliver
the same quantity of bioactive per serving of the food. Payload is calculated by
taking the ratio of mass of active ingredient to total mass of the resultant encap-
sulated product. The mass of encapsulated oil can be determined gravimetrically
by quantitative extraction of oil from a known quantity of microcapsules, fol-
lowed by weighing the extracted oil. This is a destructive method and is time
consuming and expensive for quality control purposes. A Fourier Transform In-
frared (FTIR) spectroscopy-based non-destructive method has been recently de-
veloped to determine payload [132].
Equation (2) is used to calculate payload.

W,
PL = —-x100 (2)
Wm
where, PL is the payload, W, is the mass of the total active encapsulated and W,
is the total mass of the resultant product (e mass of both active and shell).

4.6. Encapsulation Yield

Encapsulation yield (£Y) is another factor to be considered during an encapsula-
tion process. EY also measures the effectiveness of encapsulation. Equation (3) is

used to calculate EY.

Ev =% 100 3)
W.

1
where, E£Y is encapsulation yield, W, is mass of the total encapsulated active in-

gredient and W, is the mass of the active introduced.

5. Future Perspective

Although encapsulation technology has been used in various industries for more
than six decades, there have been several advancements in both the science as
well as the practical application of this technique since its first commercial ap-
plication in 1950. It is being increasingly popular in pharmaceutical, nutraceuti-
cal and functional food industries as a highly effective method that performs
various functions; the major being prolonging the shelf-life of the active, mask-

ing the undesirable flavour, colour and taste and controlling the release of bioac-
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tive. Encapsulation methods for new bioactives are being explored and research
advancement is underway to improve the process and product characteristics.
Innovative food-grade encapsulants are being explored to reduce the production
costs and meet other technical specifications and consumer expectations.

With the escalating demand of functional foods including omega-3s, probiot-
ics, vitamins and phytochemicals, these functional ingredients are being incor-
porated into wide range of products such as breads, milk, fruit juices, tortillas,
chocolate, yoghurt drinks, spreads, peanut butter, eggs and meat. Accordingly,
various methods of microencapsulation of different bioactives have been devel-
oped. At present, spray drying-based microencapsulation method is being widely
used in various industrial applications; however, more advanced methods in-
cluding complex coacervation are gaining increased attention in recent years.
Complex coacervation technology has been reported to receive a high product
yield and the resultant product possesses prolonged stability even at a very high
payload (up to 99%). In addition, it yields products with lowest unit product cost
[133]. The biggest disadvantage of this technology is limited availability of shell
materials. So far, gelatin is the only protein which is successfully used in com-
mercial scale.

A number of studied have reported that the plant proteins are capable of
forming coacervates in the presence of polysaccharides [117] [128]. This cor-
roborates that plant proteins can be used instead of animal proteins in complex
coacervation process. Reference [134] used a-gliadin (cereals) and pea globulin
(legume) in complex coacervation process. These authors found that both these
proteins form excellent complex coacervates with the gum Arabic. However, the
application of a-gliadin in the coacervation process will not achieve widespread
acceptance as this protein is associated with some kind of allergenicity in some
individuals [134]. So, there is a need to test other plant polysaccharides for their
potential as encapsulating and delivery vehicles of active ingredients. There are
certain characteristics which are looked for before using a biopolymer as an en-
capsulant. Among them are emulsifying and interfacial properties, film forming
abilities, solubility and gel-forming properties.

Emulsifying properties of flaxseed protein, chia seed protein and lentil protein
have been evaluated in recent years [117] [118] [135]. It was found that emul-
sions stabilized by flax protein concentrate (FPC) at neutral pH and in the ab-
sence of salt had a smaller droplet size and higher surface charge which makes
them good candidates to be used in coacervation process. FPC-stabilized emul-
sions were more stable against the effect of salt concentration. The FPC can be
effective stabilizing emulsions where droplet size and zeta-potential are major
factors influencing the emulsion stability. Flaxseed gum is also found to possess
good potential in stabilizing the protein-based emulsions [136]. Encapsulating
unstable and bioactive core materials with a protein-gum complex shell matrix
isolated from the same plant source is a very recent idea of microencapsulation.

Reference [118] successfully encapsulated flaxseed oil (core) by novel matrix of
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flaxseed protein-flaxseed gum complex coacervate. Similarly, [117] successfully
encapsulated chia seed oil using chia seed protein-gum complex coacervate shell
matrix. The authors have compared the effectiveness of protein only and gum
only shell matrix with the complex coacervate shell matrix and concluded that
complex coacervation based shell matrix is more effective over the other two.
However, this laboratory experiments need further study for their effectiveness

and reproducibility in pilot plant or commercial trials.

6. Conclusion

Although there are various reasons of microencapsulation, many bioactive in-
gredients are encapsulated to enhance their longevity and functionality. Several
bioactive ingredients are encapsulated to prevent their degradation from envi-
ronmental stressors and control their release in the gastrointestinal tract. For
example, baking yeast and dough conditioners are encapsulated to increase their
performance or to overcome other processing challenges. It has been reported
that uncoated chemical leaveners release carbon dioxide prematurely. This is
even more prominent in warmer environments. In addition, ingredient degrada-
tion or flavour loss during the baking process can occur in systems where un-
coated ingredients are used. PUFAs-rich oils are encapsulated to prevent or
minimise their oxidation. Bioactive peptides are encapsulated to control their
release in targeted site. Therefore, encapsulation method is dependent on the
nature of core material and intended use of the final product. As a consequence,

various methods of encapsulation are developed.
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