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Abstract

Substances of plant origin are chemically unstable and easily oxidized by external conditions.
However, they have to remain in their bioactive form when they are used in food, pharmaceutical,
nutraceutical and cosmetic industries. Encapsulation method is an effective technique that should
protect them preventing the degradation of these active substances and thus prevent them from
losing their activities.

In this review, the strategies for encapsulating plant substances and their preparation methods
including emulsification, atomization, coaxial electrospray system, lyophilization, coacervation, in
situ polymerization, melt extrusion, supercritical fluid technology, fluidized bed coating etc. were
discussed. The release mechanisms of plant active substances were also presented.

The choice of an appropriate encapsulation technique and wall material depends on the final use of
the product and the processing conditions involved. The use of liposomes, ethosomes, phytosomes,
emulsions, microspheres, microcapsules, solid lipid nanoparticles including formulations based on
plant substances has enhanced their therapeutic effects. With the use of all these encapsulation
systems, the formulation is delivered in a targeted manner, giving it an on-site effect, and the
bioavailability of the formulation is also improved. With these new drug delivery systems, actives and
extracts used in herbal formulations exhibit improved stability, sustained release from the
formulation, protection against toxicity, and improved therapeutic efficacy.

Keywords : nanoparticles, bioactive substance, formulation

1 Introduction

introduced in the form of a solution, suspension or emulsion.
The structures can be of various configurations. A micro- or

Most plant substances remain chemically unstable and are
liable to deteriorate through oxidation, particularly when
exposed to oxygen, light, humidity and heat. These changes have
a negative effect on the shelflife, sensory properties and overall
acceptability of products (1,2).

To develop safe natural health products, the encapsulation
technique could be a viable option to maintain their biological
and functional characteristics. It has been successfully used to
encapsulate not only oils but also herbal actives to prevent
oxidation, improve stability and bioavailability (1,3-8).

Encapsulation is a method in which particles or droplets are
surrounded by a coating, or are incorporated into a
homogeneous or heterogeneous matrix (1,9,10). The
compound diffuses progressively through the structure, offering
controlled release properties under the specific conditions
(1,11). Consequently, this technique can be used to protect,
release and enhance the properties of bioactive compounds.

Inside these structures, the encapsulated substance is
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nanocapsule has a core where the active substance is trapped,
surrounded by a membrane. It acts as a reservoir system. In the
other possible configuration (matrix system, micro or nano
sphere), the active substance is dispersed in a continuous
network of encapsulating material. Also, an active substance can
be inside a macromolecule such as cyclodextrin. We can also
associate stable micro(nano)emulsions and
micro(nano)particles with this concept of encapsulation, not
forgetting vesicular systems (liposomes)... Structures vary in
size (from millimetre to nanometre), composition and
production method. The parameters governing their
physicochemical properties are just as numerous. To prepare
them, you need to choose the right materials and the right
method. Normally, they cannot be selected independently, as
there are interdependent relationships between the materials,
the process and the physico-functional characteristics of the
manufactured structure, and these must be considered as a
whole.

There are several ways of classifying encapsulation processes
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according to different criteria (12); the use or non-use of
organic solvents; the nature of the dispersing medium (liquid,
gaseous or supercritical); the use of preformed polymers, lipids
or monomers; the nature of the processes associating the
molecule to be encapsulated with the encapsulating material.
This last criterion enables us to classify processes into different
categories:

Mechanical processes involving spraying, droplet formation
and extrusion.

- Physico-chemical processes, based on the control of
parameters such as polymer solubility and precipitation as a
function of the addition of a non-solvent, pH or temperature, as
well as the control of polymer changes of state (melting,
solidification, gelling).

- Chemical processes are based on in situ formation of the
encapsulating material by polycondensation, radical
polymerization or anionic polymerization of monomer units. As
such, chemical processes are distinct from physico-chemical
and mechanical methods which stabilize pre-formed
encapsulating materials (polymers, lipids).

Poncelet et al,) have proposed three main stages in the
encapsulation process (Figure 1): (i) Incorporation of the active
ingredient into the matrix or capsule core: This stage takes into
account the physicochemical characteristics of the active
substance. If the core is liquid, incorporation consists in
dissolving or dispersing the active ingredient in the matrix. If
the matrix is solid (powder), the active ingredient can be
incorporated by absorption on the powder or agglomeration
with the powder. A solid active ingredient can also itself form
the core of the microcapsules; (ii) Dispersion: The liquid
formulation is dispersed in the air (atomization, prilling) or in
another liquid (emulsification) to generate droplets. A solid-
state formulation will be brought into contact with the
encapsulating material under agitation (fluidized bed,
granulator, rotary drum, etc.); (iii) Stabilization/solidification:
Droplets generated in (2) by solidification of the coating

material dispersed in (2) on the solid form by
drying/solidification.
Etapes Incorporation de la molécule a encapsuler
e W
Liquide
Solide

(solution, fondu, émulsion, émulsion)

Dispersion
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'

Figure 1 : Simplified representation of the steps involved in
an encapsulation process (13)
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This work is a literature review of the various encapsulation
systems for plant active substances and fats, in particular oils,
with an emphasis on microparticles, the strategy adopted for
this study as they present certain interesting criteria and
advantages(14). Microparticles can be tailored to desired
release profiles and used to deliver active substances. to
specific sites. In some cases, they can even enable targeted
organ release. Also, the active substance. can be easily released
from the formulation. Microparticles can protect the specific
function of an active substance. and release the active
substance. in an external phase after a long period. Next, the
various encapsulation techniques were presented, in particular
ionic gelation, the technique used to formulate microparticles.
Finally, the various release mechanisms for encapsulated
substances were studied.

1 Encapsulation systems for plant active
substances

Systems for encapsulating active plant ingredients must ideally
meet two prerequisites. Firstly, it must release the active
substance. at a rate adapted to the needs of the organism, for
the duration of the treatment. Secondly, it must carry the active
substance to the site of action. Conventional forms, including
sustained-release dosage forms, can meet neither of these
conditions.

In phyto-formulation research, the development of particulate
systems offers a number of advantages for the active
substance, including improved solubility, bioavailability,
pharmacological activity and stability, protection against
toxicity, prolonged release and protection against physical and
chemical degradation, etc.

Thus, new encapsulation systems for plant active substances
have a potential future for improving activity and overcoming
the problems associated with herbal medicines (3).

These different systems, which have been used for plant active
substances (3,4,14-17) and phytochemicals can be classified
into the following groups (16) : (i) Vesicular systems, which
include liposomes, ethosomes, phytosomes, transferosomes,
etc.; (ii) Biphasic systems, such as micro/nano emulsions; (iii)
Particulate systems, which include microparticles,
nanoparticles and micropellets. The latter systems, in
particular microparticles, will be reviewed as they constitute
the encapsulation system chosen for our study.

Microparticles are small spherical particles, with diameters in
the micrometer range, typically from 1 pm to 1000 pm (1 mm)
(14,16), in which an active substance is uniformly dispersed in
the polymer matrix and then released (16).

Microparticles can be made from a variety of natural and
synthetic materials, both biodegradable and non-
biodegradable. These materials include: albumin, modified
starch, gelatin, polypropylene, dextran, polylactic acid
etc. (14,16). Microspheres and microcapsules have high
surface-to-volume ratios and widely varying densities, so they
are used for a variety of applications. The interfacial surface
properties of microparticles often determine their activity. The
main techniques used to prepare microparticles are emulsion,
solvent evaporation, spray drying and ionic gelation (16).
Various studies have been reported on microparticles of
different plant active substances (Table 1)
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Table 1: Microparticles based on plant active substances and their applications (3,14,18-21)

Active plant Polymers Goal Activities References
substances
Rutin Alginate Site-specific release for Cardiovascular and (Xiao etal,, 1994)
. cardiovascular and
Chitosan Cerebrovascular
Cerebrovascular
Camptothecin PEG Dose reduction, improved Cytotoxic, anticancer (Chao etal,, 2010)
. agent
Cytotoxicity
Cellulose Prolonged release, enhanced Hepatoprotective activity | (Gargand Gupta,
tivit
Sylimarine Eudragit actvity 2010)
Quercetin Polycaprolactone | Significantly reduces Anticancer agents (Natarajan
the dose etal, 2011)
Cynara scolymus Lactose Controlled release of Food supplements (Gavini et al,,
extract HPMC neutraceuticals 2005)

2 Encapsulation systems for oils

The physical encapsulation of oils can protect against
photosensitivity, heat, humidity, oxygen, enzymatic
degradation and chemical reactions between active substances.

It could also prevent transformation of the physical structure,
mask taste, and modify the color and odor of the oils. Moreover,
encapsulation could reduce their toxicity, increase their
stability and their controlled release (Figure 2)(5,9,10).

Converting physical

Masking

(taste, color and odor) Reduced toxicity

Separation of

Release control e reactive substances

Protection

Increased storage time
v (enzymatic degradation)

Protection
(light, heat, moisture and oxygen)

Figure 2 : Advantages of oil encapsulation (5)

This technique can be defined as a process of building a
functional barrier between the core (containing the oil) and the
membrane in order to avoid chemical and physical reactions
and then maintain the biological, functional and
physicochemical properties of the core materials (Figure 3).
Because of these advantages, encapsulation techniques have
been widely used in various pharmaceutical, food, cosmetics
and fragrance industries.

O-0-C
(LI

Stage of oil release

Oil microcapsule  Chemical, physical, or

mechanical factors

Figure 3 : Schematic diagram of controlled oil protection
and release.(1)

Vegetable oils have been encapsulated in a variety of ways.
Figure 4 illustrates the different strategies adopted to
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encapsulate vegetable oils.

T Beads/
M t'_p < Microparticles
emulsions T /‘

-
Strategies for the
encapsulation of oils

— 9

Bioactive > Inclusion
films Nanocarriers: J complexes

Nanoparticles, SLNs

Figure 4 : Schematic illustration of encapsulation
strategies for vegetable oils.(7)

2.1 Multiple emulsions

Since 1965, multiple emulsions have been developed for
pharmaceutical, cosmetic and food applications (Engel et al.,
1968). Multiple emulsions are three-phase systems, which can
be W/0/W or 0/W/0 emulsions (W: water; O: oil) (Figure 5).

Il Oil phase WM Water phase

(a) (b)

Figure 5 : Schematic representations of multiple
emulsions (a) water-in-oil-in-water and (b) oil- in-water-
in-oil (26)

Compared to 0/W/0 emulsions, W/0/W emulsions have been
used for active substance administration (27). In general,
W/0/W emulsions were prepared by the phase inversion
method, either by one-step or two-step emulsification (28).
Cournarie et al, (29) reported that the two-step emulsification
method offers higher encapsulation efficiencies than the one-
step emulsification method (30). The advantages and problems
associated with multiple emulsions are presented in Table 2
Multiple emulsions have also been synthesized using different
vegetable oils (31,32).
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Table 2: Advantages and problems associated with multiple emulsions (7)

Benefits

Problems and solutions

degradation) Masks taste/odour

Ability to transport active substances. hydrophilic and hydrophobic. | Inherent thermodynamic stability is the main obstacle to

Sustained-release drug delivery systems Protects the bioactive
ingredient from difficult gastrointestinal conditions (pH, enzymatic

multiple emulsions. Emulsion stability can be improved by
adding complex- forming agents or internal phase gelling
agents.

Vegetable oils must be tested for purity before being used in the preparation of multiple emulsions.

2.2 Beads and microparticles

Beads and microparticles have been synthesized to prepare food, pharmaceutical, nutraceutical and cosmetic products with a high oil
content in a reduced product volume. Their advantages and disadvantages are listed in Table 3.

Table 3: Advantages and problems associated with beads and microparticles (7)

Benefits

Problems and solutions

Easy handling Transport or incorporation in other components
Masks taste/odour

Protection against evaporation or oxidation of essential oils

Controlled-release applications

Involvement of multiple steps in the preparation method. This
can sometimes lead to a reduction in encapsulation efficiency.

Although beads and microparticles can carry large quantities of
oil (Figure 6), they suffer from oxidation, and unsaturated or
polyunsaturated fatty acids are sensitive to oxidation. Lipid
oxidation causes rancidity and affects the nutritional properties
of oils. Lipid oxidation is governed by oxygen, heat or light.

However, beads and microparticles have been shown to prevent
lipid oxidation and improve lipid release parameters (33-35).In
addition to protection against lipid oxidation, the
microparticles developed showed high encapsulation
efficiencies. Release of encapsulated oils is another major
concern associated with beads and microparticles. In general,
leaching is due to the porous nature of the formulations. Oil
loading capacity can be improved by coating the microparticles
with another polymer, by increasing polymer concentration,
polymerization time, etc

I Polymer phase
M Lipid phase
»e° Nano-/Micro-emulsions

(a) (b)

Figure 6 : Schematic representation of microcapsules
encapsulating (a) an oil phase. (36) and (b) nano-
/microemulsions (37)

0il may be the main encapsulated active substance, or serve as
a vehicle for hydrophobic compounds (38) (Figure 7). On the
other hand, the membrane material may be water-soluble,
which may favor the presence of hydrophilic substances such
as proteins, hydrophilic pigments and plant extracts... in the
membrane (39) (Figure 7). These oil reservoirs can be
classified according to their morphology (irregular or spherical
shape), number of cores (single or multi-core) and size (micro,
milli). Several categories of capsules are described in the
literature; in general, their structure depends on the
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encapsulation technique and/or the crosslinking mechanism of
the membrane materials (10). Irregularly shaped capsules are
structures with an ill-defined shape, generally composed of
several small oil cores trapped in the membrane (Figure 7).

Polynuclear capsules have a structural organization similar to
that of irregularly shaped capsules; however, the membrane
has a well-defined spherical shape (Figure 7).

The main disadvantage associated with polynuclear capsules is
their low oil load (<30% v/v). In addition, the oil cores may be
located on the capsule surface, facilitating oil degradation and
loss during storage or drying.

Oil-core capsules are spherical structures consisting of a single
oil core covered by a membrane (Figure 7). These structures are
useful when no active material is desired on the particle surface,
or when a high oil loading (>90% v/v) is required (Figure 7).
Emulsion capsules also contain a single core covered by a shell;
however, in this case, the core is filled with an emulsion (40,41).
This feature enables the simultaneous encapsulation of
hydrophilic and hydrophobic compounds in the core, which
may be of interest for the encapsulation of proteins and oily
compounds in cosmetic applications (39).

Wonllsentuied Irregular shaped

® o apsule
®  enuson o ® =
te o . e & o
Hydrophitic cargo. - Y
T 2.0 o : 8.
e— - X
- . & \_/ .
Size 0.5 pum—3.0 mm 200 um -5 mm 200 pm -3.5 mm 200 um ~ 7.0 mm
Oll loading* 1~ 60 % w/w 30%viv 10-90 % v/v 30- 40 % v/v

Efficiency of

= 74-92 % /v 79-90 % v/v 90-100 % v/v >90 % v/v
encapsulation

Gharsallaouletal, 2007 Chon, 2011 henetal, 2010
Mcbiamee et af, 2010 Zuidom & Shimoni, 2010 Whelehan & Marison, 2011

Abony
frss
s

Hoad et al, 2011 e

Beindorff & Zuidam, 2010

Figure 7 : Morphology of oil capsules. *0il in core (volume or
weight) / capsule (volume or weight); volume of
encapsulated oil / volume of total oil. (5)

In addition, soft capsules have been identified as a means of
transporting active substances. liquids such as oils in soft
envelopes (Figure 8).
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Figure 8 : Soft gelatin capsules (7)

Journal of Drug Delivery & Therapeutics. 2024; 14(1):155-168

They are unit dosage forms made from gelatin, the polymer most
frequently used to synthesize capsules. Glycerine is used as a
plasticizer in the preparation of soft capsules.

Its presence increases oxygen and relative humidity
permeability in soft capsules (42). Replacing the gelatin
polymer with any other suitable polymer can solve this problem
(43).

A precise range of sizes has been established to classify the
capsules (Table 4).

Body care Home care Food and suplement Drugs
w _ e -~ 7 et 2 2 LSS TN
g " 4 » \ “ 2 Y
= & 4 N o_"
Q. / / \ / - \
] 1 ! v ! L/ \
= | - 1 3 1|
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Table 4: Use of micro and milli capsules in selected industrial applications (Martins et al., 2017a)

The term millicapsules (44) is applied to oil reservoirs larger
than 1 mm and is used in applications where visualization of the
capsule is desired. In addition to protecting the oil from
oxidation, millicapsules guarantee an attractive appearance to
the final product and are frequently used as a marketing
strategy (5).

Microcapsules are capsules between 1 and 1000 um in size and
are generally used in products whose texture and appearance
do notneed to be radically altered. In some cases, such as in skin
and hair creams, shower soaps and household cleaners, visible
microcapsules are intentionally added to make the product
more attractive. Unlike millicapsules, microcapsules can be
used to develop precise active ingredient delivery systems. The
general rule that applies to microcapsules is that by decreasing
their size, the release of active substance. is faster (45). This
means that by controlling the size of microcapsules during the
process, it is possible to determine the Kinetics of active
ingredientrelease.

2.3 Solid lipid nanoparticles (NLS)

Nanoscale polymer particles have attracted much attention for
the development of new formulations for controlled-release
systems and for improving oil stability. Polymer-based
nanoparticles are classified into nanocapsules and nanospheres
(Figure 9a and 9b). They differ from each other in structure.
Nanocapsules have a polymeric wall encapsulating the oil core,
while in nanospheres, the oil can be conjugated to the wall or to
the polymeric matrix(46).

ISSN: 2250-1177 [159]

Polymer phase
¥ Lipid phase

(a) (b)

Figure 9 : Schematic representation of (a) nanocapsule and
(b) nanosphere structures (47)

Solid lipid nanoparticles (SLNs) are nanometer-sized particles
prepared from lipids that are solid at room temperature. The
lipid component of NLS can be triacylglycerols or waxes. NLS
vary in size from 50 nm to 1 pm. In NLS, the active substances
are either in the core or on the membrane (Figure 10). They are
ideal for transporting lipophilic active substances. They offer
good protection, less salting-out and prolonged release of
bioactive agents.

WS Drug dispersed in lipid matrix
Lipid matrix devoid of drug

(2) (b) (©)

Figure 10 : Schematic representation of the different types
of solid lipid nanoparticles (a) homogeneous matrix type,
(b) active substance-enriched membrane, and (c) active
substance- enriched core (48)
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3 Encapsulation methods
3.1 Emulsification

Emulsions are used in a wide variety of food and
pharmaceutical products.

Emulsification technology is a key step in the
microencapsulation of oils. It is generally applied to
encapsulate active substances in aqueous solutions, which can
be used directly in their liquid state or dried (by spraying or
freeze-drying) to form powders after emulsification. It is
therefore part of the microencapsulation process. Basically, an
emulsion is made up of at least two immiscible liquids, usually
oil (H) and water (E), with one of the liquids dispersed in the
form of small spherical droplets in the other (Figure 11). To
obtain a kinetically stable emulsion, emulsifiers or texture
modifiers are usually added to the formulation. Emulsion
droplet diameters range from 0.1 to 100 pm (11). The use of
this technology to deliver food components and nutraceuticals
has been examined in detail (49). Emulsions are prepared by
homogenizing oil, water and emulsifier using a mechanical
device known as a homogenizer (high-shear mixer, high-
pressure homogenizer, colloid mill, sonicator or membrane
homogenizer). The advantages of these systems are relative
ease of preparation and low cost, but they have the
disadvantages with physical instability ( when exposed to
heat,cold, freezingdrying, externe Ph and high mineral
concentrations) and limited controlled release (49).

O <—— Oil phasc O

Q— Emulsifying |

O agent |
@—— Water-soluble

corc material

<€—— Water phase
Emulsifying

agent
Oil-soluble

core material

W/0 orw

<€——Oil phase
Water phase

Oil-soluble
core material

_ €«—— Water phase
Oil phase

Water-soluble
core material

O/W/0

W/O/W

Figure 11 : Illustration of the 4 emulsion systems (W/0,
o/W, W/0/W and 0/W/0).(1)

3.2 Atomisation

Spray drying is widely used for encapsulating oils in
microparticles. It involves rapid atomiza

tion of the solution/emulsion containing the active substance in
a high-temperature drying medium (Figure 12).

The temperature is maintained by pumping hot air in the
opposite direction to the emulsion spray direction. The sudden
change in temperature leads to rapid evaporation of water, and
the formation of solid microparticles (50). This is the
transformation of a substance in liquid form (solution,
emulsion or paste) into a powder by spraying this substance into
ahotdrying medium (51).

The advantages of this method include the use of heat-sensitive
products, easy availability of machines, and easy regulation of
microparticle size by adjustments made to the spray nozzle.
The disadvantage associated with this method is the use of a
high temperature for the drying process. Spray-drying
technology requires well-defined operating conditions (52)
and a sufficient quantity of liquid containing the active
ingredients. The efficiency of microparticle encapsulation in
spray drying depends on certain key steps, namely the
preparation of the stable oil-in-water emulsion and the
atomization of the emulsion into small droplets during drying
(10).
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Emulsion pulverization and droplet drying depend on emulsion
properties. Therefore, the weight ratio of hydrophilic and
lipophilic phases, the size distribution of oil droplets in the
emulsion, the dry matter content of the emulsion and the
viscosity of the emulsion must be optimized prior to spray
drying. The success of spray drying is mainly influenced by the
size distribution of the oil droplets in the emulsion The choice
of polymer is also important, as it constitutes the dry matter of
the microparticles (53).

For spray-drying, polymers must have emulsion-forming
properties with reasonable viscosityto be pumped and sprayed.
They must not be sticky and hygroscopic after drying,
otherwise they will affect the stability of the microparticles
during storage. The main polymers for spray-drying in the food
and pharmaceutical industries are polysaccharides, starches,
gums, celluloses and proteins. They have been used alone or in
combination.

Homogenizer

Core Material
L2
[YYYY)
‘Wall Material
k j i —» )

Microparticle

Figure 12 : Schematic representation of the spray-drying
microencapsulation process.(1)

3.3 Lyophilization

Freeze-drying is a simple process used to dehydrate almost all
heat-sensitive active ingredients and flavors (Figure 13). Prior
to drying, the active ingredient is dissolved or dispersed in
water and then frozen at between -90°C and -40°C (54,55). The
surrounding pressure is then reduced and a sufficient amount
of heat is added to allow the frozen water in the active
ingredient to sublimate directly from the solid to the gas phase
(56).

Freeze-dried active ingredients appear to have maximum
retention of volatile compounds compared with spray-drying
(57).In addition to protecting heat-sensitive active ingredients,
freeze-drying is simple and easy to implement. Freeze-dried
samples have been found to be more resistant to oxidation (2).
The main disadvantages are high energy consumption, long
processing times and high production costs compared with
other drying methods (58). Freeze-dried active substances can
be more porous, exposing the encapsulated substance to the
surrounding environment. However, the porous structures of
lyophilized bioactive products enable better release of active
substances. (59).

Cooled or heated
shelves

Condenser

Vacuum pump

Figure 13 : Schematic diagram of a freeze dryer (1)
CODEN (USA): JDDTAO
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3.4 Coacervation

The coacervation technique involves the addition of a
desolvation or coacervation agent to a homogeneous polymer
solution. During the encapsulation process, the active
substance is encapsulated in the polymer-rich phase. Today,
coacervation is performed using two methods: simple
coacervation and complex coacervation. These two methods
are identical, but differ in the way the phases are separated. In
simple coacervation, a water-soluble desolvation agent is
added to the polymer solution. The desolvation agent separates
the aqueous phase from the polymer molecules, affecting their
solubility.

The polymer-rich phase is precipitated as spherical droplets.
Cross-linking of these spherical droplets leads to the formation
of stable microparticles. The choice of cross-linking agents
depends on the type of biopolymer used. In general,
glutaraldehyde, genipin and calcium salts are widely used as
cross-linking agents (7,60). Polymers used in the coacervation
process include alginate, chitosan, cellulose derivatives,
proteins, etc (61,62,62-68). Polymers used in the coacervation
process include alginate, chitosan, cellulose derivatives,
proteins, etc (64). On the other hand, complex coacervation
involves complexation between two oppositely charged
polymers. Complex coacervation involves three fundamental
steps (Figure 14). The first stage is the formation of three
immiscible phases: the core, the membrane and the
manufacturing liquid. Typically, the core is dispersed in a
solution of the polymer making up the membrane material. The
membrane is rendered immiscible either by adding a desolvent
or a salt, or by inducing polymer-polymer interactions, or by
modifying the temperature of the polymer solution, or by
adding an incompatible polymer. The second step is to deposit
the liquid polymer on the core. Finally, the third step involves
stabilizing the microcapsules by cross-linking, desolvation or
heat treatment. In general, protein-polysaccharide complexes
are used in complex coacervation (69-76)
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Figure 14 : Schematic representation of the coacervation
process. (a) dispersion of the core in a shell polymer
solution; (b) separation of the coacervate from the solution;
(c) coating of the core with coacervate microdroplets;
coalescence of the coacervate to form a continuous shell of
the core particles (77)

3.5 Solvent evaporation

In the solvent evaporation method, three phases are present:
the core, the membrane material and the manufacturing liquid.
Initially, the membrane material is dissolved in a volatile
solvent, which is not soluble in the manufacturing liquid. An
active substance to be encapsulated is either dissolved or
dispersed in the polymer solution, which is added to the
manufacturing liquid with stirring, and the mixture is heated to
evaporate the polymer solvent. The coating material then
shrinks around the core and encapsulates the latter (77). The
resulting microparticles are then washed and dried (78).
Mineral and vegetable oils can be used as manufacturing liquids
for encapsulating active substances. hydrophobic, vitamins,
peptides, proteins or food additives such aspigments (79).
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3.6 Extrusion

The extrusion method is considered the most common
approach to microencapsulation and can be achieved by
emulsifying/dispersing hydrophobic active ingredients or
dissolving hydrophilic active ingredients in an aqueous
solution where ionic or thermal gelation takes place (80). It
involves a simple protocol. In this method, the active ingredient
is gradually added to the aqueous polymer solution with
continuous homogenization. The homogeneous solution or
emulsion is then sprayed into a cross-linking solution (CaCl2 or
glutaraldehyde solution). Spraying can be performed using a
syringe, peristaltic pump or nozzle. The size of the
microparticles can be regulated by the size of the nozzle in the
sprayer. Emulsion droplets cross-link over time on contact with
the cross-linking solution, forming microparticles. The
microparticles can be hardened by further incubation in the
crosslinking solution. The extrusion method provides a wide
choice of polymers and is easily adaptable to large-scale
production (6).

Also, the electrospray method is based on an extrusion process
that produces multilayer microparticles and nanoparticles
ranging in size from a few tens of nanometers to a few hundreds
of micrometers by introducing coaxial electrified jets.
Previously, a single-axis electrospray method had been devised.
Later, technical advances led to the transformation of the single-
axis electrospray method into a coaxial electrospray method.

During coaxial electrospray (Figure 15), a coaxial capillary
needle is used to simultaneously spray two different liquids
through a nozzle (one containing the active substance. and the
other containing the membrane materials), under the influence
of an electric field into a cross-linking solution to obtain
particles by ionic gelation (81). Using this method, it is possible
to achieve 100% encapsulation efficiency with precise control of
the polymer-core geometry. This process protects fragile
therapeutic molecules from denaturation and aggregation (82).

Inner fluid

Outer
fluid

v
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°
°
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Figure 15 : Schematic representation of coaxial
electrospray encapsulation synthesis.(83,84)

3.7 Supercritical fluid technology

Supercritical fluid technology has also been developed to
minimize the disadvantages associated with traditional
encapsulation methods (Figure 16). Itis generally used for oils
sensitive to high temperatures, oxygen and chemicals.
Supercritical fluid technology is an environmentally-friendly
approach in which supercritical carbon dioxide (sc-C02) is used
as a green solvent. This sc-CO2 has ideal properties for
encapsulating active substances. Characteristic properties of
sc-CO2 are lower viscosity, higher diffusion, lower surface
tension, faster processing and high solubility of the active
compound (85). This technology can also be described as
supercritical solvent impregnation. This process has proven its
worth in the encapsulation of oil, perfumes, pharmaceutical
ingredients, etc.
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Figure 16 : Schematic representation of supercritical fluid
technology (86)

3.8 High-pressure homogenization

This method is used to synthesize NLS. The lipid phase
containing the active substance is heated above its melting
point. Simultaneously, an aqueous phase containing
surfactant(s) was also prepared at the same temperature. Next,
an emulsion is formed by adding the aqueous phase to the
molten lipid phase and homogenizing it for 30 minutes at a
temperature above the lipid's melting point. The hot emulsion
is passed through a high-pressure homogenizer at ~800 bar for
six cycles. After homogenization, the mixture is cooled to room
temperature in an ice bath, resulting in the formation of NLS

(7)-

&—— Inlet air

Top-spray fluidized-bed coating

Bottom-spray fluidized-bed coating
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3.9 In situ and interfacial polymerization

In situ and interfacial polymerization are also used to prepare
oil microcapsules. In interfacial polymerization, the membrane
is formed by adding a reagent (melanin-formaldehyde
combination) inside or outside the core, and polymerization
takes place at the interface. The distinctive feature of in situ
polymerization in encapsulation, compared with any other
polymerization process, is that no reagent is included in the
core, and all polymerization takes place in the continuous phase
(87).

3.10 Fluidized air bed coating

Fluidized-air bed coating is one of the most efficient coating
methods, with a growing number of applications in the food and
pharmaceutical industries. In this process, ingredients can be
mixed, granulated and dried in the same container, reducing
material handling and processing times compared with other
wet granulation processes. Fluidized air bed coating is also
known as "air suspension coating” or "spray coating”. It is
achieved by suspending solid core particles in an air stream at
controlled temperature and humidity, then spraying the
membrane material. Over time, it gradually accumulates as a
thin layer on the surface of the suspended particles (1). The
coating material must have an acceptable viscosity to enable
atomization and pumping, must be able to form a suitable film
on the surface of a particle and must be thermally stable (88).
The amount of material that coats the particles depends on how
long the particles remain in the chamber; typically, 5-50% of
the coating is applied. The various fluidized-bed coating
methods include top spray, bottom spray and tangential spray,
as shown in figure 17.

<&—— Outlet air ——> | I I |

Coating solution

&——— Inlet air

Tangential-spray fluidized-bed coating

Figure 17 : Schematic diagram showing fluidized-bed coating by top (a), bottom (b) and tangential (c) spraying.(1)

4 Active substance release mechanisms

One of the main objectives of encapsulating active substances is
to ensure controlled release. This controlled release must be
approached from two angles: delayed release and sustained
release. In the first case, this approach includes systems that
modify the time or place of release of the active ingredient. They
do not increase the potential effect of the active ingredient, but
protect it from adverse environments.

In the second case, delivery systems are designed to prolong the
release of the active ingredient and, consequently, its potential
effect or absorption. This prolongation may also involve
improving bioavailability and maintaining nutritional
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properties (89).

Nanoparticles, microparticles, liposomes and micelles are all
examples of sustained-release agents (90). What's more, these
systems can be coated with different materials to enable delayed
release. Various mechanisms may be involved in the release of
active substance encapsulation systems. These include
diffusion, dissolution, swelling, degradation/erosion, external
forces or various combinations of these mechanisms (91).

A water-soluble active encapsulated in a matrix will mainly be
released by diffusion. Conversely, in the case of poorly water-
soluble actives, matrix erosion will be the main release
mechanism (92).

CODEN (USA): JDDTAO



N'Guessan-Gnaman et al
4.1 Broadcast

This is the most common release mechanism described by Fick's
law (Figure 18). In this case, molecules are moved by a
concentration gradient from regions of high concentration to
regions of low concentration.

In polymer-based encapsulation systems (including reservoir
systems, porous-structure matrices), the limiting step is the rate
of diffusion of the encapsulated substance (93). The ability to
cross the membrane or porous channels depends on the

Journal of Drug Delivery & Therapeutics. 2024; 14(1):155-168

molecule and the medium, with large molecules expected to
have lower diffusion than small molecules, while diffusion
should be slower in viscous media. Other factors also need to be
taken into consideration. The solubility of the active substance.
in the polymer system and the geometry in which itis dispersed,
also affect the final diffusion pattern. Finally, the rate of release
decreased in matrices with a porous structure due to the
distance the active ingredient has to travel from the polymer
matrix to the barrier of the external environment.

Figure 18 : Diffusion mechanism (91)

Two media are brought into contact. The diffusion coefficient of
the active substance. in each medium from the interface is
indicated by the length of the corresponding double arrow. At
the interface, the active substance chooses to distribute itself in
one of the media. The relative frequencies of entry into the two
media from the interface are represented by the widths of the
arrows pointing to the media. The ratio of the widths of the
arrows is the partition coefficient. On entering either medium,
the active ingredient diffuses according to the diffusion
coefficient of the medium, as shown by the different lengths of
the arrows at the interface. In this example, the active
substance. diffuses preferentially into the left-hand medium,
but diffuses more rapidly into the right-hand medium.

4.2 Dissolution

The rate at which the polymer dissolves in the surrounding
environment is the main factor controlling this mechanism. The
nature and thickness of the material coating the active
substance determines the rate of release, since once the coating
is dissolved, the active substance becomes available for
dissolution.

The polymers used for these devices are generally water-
soluble, but insoluble polymers can also be used. However, the
active ingredient may not be exclusively located inside the
polymer matrix, butalso on the surface (e.g. for a "burst" effect).

In this case, a first stage of dissociation from the surface and
solvation with the surrounding medium must take place,
followed by a second stage of diffusion from the surface.

When the active ingredient is soluble in the surrounding
medium, the first stage occurs more rapidly than the second,
forming a concentration gradient. For this reason, some
authors suggest that diffusion affects the dissolution
mechanism(91).

4.3 Swelling

Swelling is the water absorption process by which the polymer
matrix increases in volume. This mechanism may be followed
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by dissolution of the polymer matrix if it is soluble. If, on the
other hand, the polymer matrix is made up of large, cross-linked
chains, the matrix remains in place. As the surrounding medium
diffuses into the system, the outer layers swell. A point is
reached where the mobility of macromolecules increases
abruptly (known as polymer chain relaxation or glass
transition). This occurs when a specific concentration of the
polymer medium is reached, forming a mobile swelling front. In
this way, the dissolved active molecules, depending on a
concentration gradient, diffuse towards the external
medium(94). Other parameters such as temperature, pH..
affecting the release of active molecules by swelling-dissolution
contribute to the complexity of this mechanism.

4.4 Erosion and degradation

They have been referred to as a combination of mechanisms
(the degradation, dissolution anddiffusion mechanisms (Figure
19). However, other authors have considered these terms to
refer to the process of polymer material loss and subsequent
polymer chain cleavage whereby these chains are cleaved into
oligomers and monomers, respectively (94).

Two types of erosion process are frequently reported: bulk
erosion and surface erosion. Surface erosion depends on the
speed with which the releasing medium enters the polymer
matrix, as well as its ability to break the bonds between
polymer chains. Thus, when the entry of the surrounding
medium into the matrix is faster than the scission of the
polymer chain, mass erosion occurs. As a result, surface erosion
can occur either when medium invasion is slow, or when chain
breakage is rapid.

In principle, active substance release is correlated with erosion.
Although the idealized mechanisms underlying controlled
release by erosion are simply explained, in practice these
mechanisms are more complex, as other factors affect release
by erosion (e.g. matrix shape, inclusion of erosion activators
such as disintegrants..., etc.).
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Figure 19 : Schematic representation of the three stages of active substance release from polymers (91)

The first stage (a) corresponds to the active substance being released from the surface of the device or from the pores connected to the
surface. A second, latent stage follows, during which there is little polymer degradation and the remaining active substance is trapped
(b). In the third stage, the trapped active ingredient is rapidly released as the polymer autocatalytically disintegrates (c).

4.5 External forces

Certain changes in the external environment, such as pH, ionic
strength, temperature, humidity, etc, (95-97) can influence
drug delivery systems.

4.6 Mathematical modeling

Mathematical modeling of the release process is an important
tool for gaining a better idea of the release phenomenon of
active substances.

It is used to determine the factors influencing release rate and
reduce the number of experimental studies (98). Various
mathematical models have been developed, considering
swelling, dissolution, erosion/degradation and diffusion
processes.

Three kinetic models are frequently used when diffusion is the
predominant release step: the zero-order model, the first-order
model and the Higuchi model:

%Mt / %Moo = k.t (Zero order) (1)
%Mt / %Moo =1 - e Kt (First order) (2)
%Mt / %Moo = k.t* (Higuchi equation) (3)

Where: %Mt is the quantity of active substance released at
time t,

%~Roo is the total quantity of active substance released,
%Rt / %Roo is the fraction of active substance released at time t,

k is a constant linked to the structural and geometric
characteristics of the matrix

In certain experimental situations, the release mechanism
deviates from the Fick equation, following an anomalous or
non-Fickian behavior. In these cases, Peppas (99) used the n
value to characterize four types of active substance transport
through the matrix. n is the diffusion release exponent that
could be used to characterize the different active substance
release mechanisms:

%Mt / %Moo = k.t" (Korsmeyer-Peppas equation) (4)

Type I transport or Fickian diffusion, when the rate of
release is controlled by the diffusion process. Type 1I
transport, when bioactive release is controlled by the polymer
swelling process. Abnormal or non-Fickian transport, when
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the release rate depends simultaneously on the swelling and
diffusion processes.

Super Case Il transport, when the release rate is controlled by
the polymer erosion/dissolution process under the action of the
dissolution medium (100).

Two important parameters need to be taken into account when
selecting the appropriate mathematical approach: the
geometry of the active substance delivery system and the
incorporation of the active substance into this
system.Siepmann et al,, have shown that in the case of spherical
geometries such as nanoparticles  (nanospheres/
nanocapsules), microparticles (microspheres/microcapsules),
liposomes and micelles, the "n" value indicates the release
mechanism. Thus, n < 0.43, the dominant release mechanism is
the Fickian diffusion mechanism (type I transport); 0.43 <n <
0.85 indicates the release mechanism by diffusion and swelling
(abnormal or non-Fickian transport) and n = 0.85 corresponds
to zero-order release kinetics and n > 0.85 (super-case II
transport). (100).

Conclusion

Encapsulation of plant substances in different formulations has
been shown to improve their properties. Encapsulation
remains an effective and important tool for preparing high-
quality products based on active and health-beneficial plant
substances in various industries to improve their chemical
properties, and their chemical, oxidative and thermal stability.
At the same time, the shelf life, biological activity, functions,
properties and bioavailability of the products are improved.
The active substances of encapsulated plant origin have been
successfully used in various food products, pharmaceuticals,
textiles, pesticides... The controlled release of these plant
active substances has been made possible in various
applications including food, pharmaceutical and cosmetics.
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