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The treatment of human immunodeficiency virus (HIV) in children has persistently been complex and tedious on a global
scale. This is because adult and pediatric HIV treatments follow a similar therapeutic approach. Due to the dearth of
clinically licensed pediatric antiretroviral drug (ARVD) therapy, children with HIV worldwide are prescribed unlicensed
drugs each year. This has triggered likelihood of poor drug adherence, therapeutic failure, and even adverse reactions
brought on by a variety of factors, including pill size and quantity, which is the main cause of swallowing difficulties,
repeated administration of these various ARVDs, many of which have poor solubility and cause severe side effects in
children, and unpalatability of the drug, which is one of the criteria for pediatric formulations. Thus, there is a necessity for
investigation into several advanced microencapsulation techniques that could curb these challenges. Microencapsulation
techniques have explored in drug delivery for encapsulation and manufacture of different nanoparticles that have shown
significant potential in mitigating and surmounting different constraints, such as taste masking, enhanced drug solubility
and bioavailability, and production of micronized fine powders for treatment of varying diseases. Nevertheless, the usage of
these technologies in HIV pediatric formulations has garnered relatively little attention. Thus, this review has paid a keen
interest in examining several microencapsulation strategies for potential utilization in the development of HIV pediatric
formulations.

1. Introduction

The acquired immunodeficiency syndrome (AIDS) caused
by the human immunodeficiency virus (HIV) is regarded as
the second most prevalent cause of mortality for adolescents
globally especially in the underdeveloped nations [1, 2]. In
accordance with an updated report by the Joint United
Nations Programme on HIV/AIDS (UNAIDS), the sub-
Saharan Africa is the most severely afflicted, with approx-
imately 37.9 million people worldwide living with this
disease, encompassing 2.1 million children under the age of
15years [3]. Notwithstanding persistent efforts to avert
vertical HIV transmission, about 1500 new cases of pediatric
HIV infection are reported every day and 15% of new HIV

infections are reported each year in children. This has
resulted to children accounting for 18% of HIV-related
mortality worldwide, and as a result, without anti-
retroviral therapy (ART), half of children diagnosed with
HIV die before the age of two while 80% die by the age of five
[4, 5]. The use of ART has demonstrated high therapeutic
efficacy in treating pediatric HIV disease in both low- and
high-income countries; however, only 58% of the 2.1 million
children living with HIV were found to be receiving
treatment. The ART treatment strategy was primarily de-
veloped for the management of the viral infection and
controlling of the disease progression, thereby improving
the quality of life of the patient [6]. This is by improving the
prognosis of HIV-related individuals, reducing HIV-related
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mortality and morbidity while minimizing other opportu-
nistic infections [5, 7]. Due to the long-lasting viral sup-
pression and resulting decrease in morbidity and death, ART
is regarded as the best therapy which has led to the rec-
ommendation of over 23 antiretroviral drugs (ARVDs) by
the US Food and Drug Administration (FDA), as shown in
Table 1. Two nucleoside reverse transcriptase inhibitors
(NRTIs), which serve as the foundation of standard ART
regimens for both adults and children, are combined with
any other third ARV agents, such as a non-nucleoside re-
verse transcriptase inhibitor (NNRTI), a protease inhibitor
(PI), or an integrase inhibitor (II). Since ART targets the viral
transcriptase or the protease (Figure 1), it suppresses the
plasma viral load and usually results in increased CD4
counts within 3 to 6 months with improved clinical staging
despite the fact that current medications do not completely
eradicate HIV-1 infection [9-12]. Despite the effectiveness of
the ARVDs, mostly among adult patients, poor adherence
has been linked to the development of drug resistance and
treatment failure, making it a critical concern for HIV
patients on ART, specifically with children receiving the
medication. Only around half of the children who require
ART could get or afford them, despite the huge rise in HIV
patients receiving ART—from 3% in 2000 to 46% in 2015.
The sad fact that only 6% (35 of 583) of clinical ARVDs were
pediatric formulation with only 5% of all subjects shows that
children are not prioritized enough in the development of
appropriate ARVDs, in contrast to adults, despite the fact
that children make up 4.9% of the world’s HIV population
[13]. Only 58% of the 2.1 million children with HIV who are
currently alive are being treated, and most of these children
come from developing nations and cannot afford ART. By
enhancing the prognosis of HIV-related individuals, low-
ering HIV-related mortality and morbidity, and minimizing
other opportunistic infections, the use of ARVDs has
demonstrated high therapeutic efficacy in the treatment of
HIV disease, particularly among adults in both low- and
high-income countries [5, 7]. However, this is not the case in
children given the stigma associated with HIV, the cost of
medications, the difficulty of swallowing and dose adjust-
ment, the dispensability of and complexity of regimens, the
challenge of bitter taste, and drug resistance due to long-
term therapy which are just a few of the issues that prevent
children them from maintaining treatment adherence. These
negative aspects have also contributed to a number of serious
adverse reactions in children, including hypersensitive re-
action, lactic acidosis, hyperlipidaemia, and bone de-
mineralization, which are incompatible with adults taking
ART [10, 13]. In this context, it is urgently necessary to
enhance present ARV dosage forms and make them more
children friendly. And cognizant of these constraints, this
work has examined prospective microencapsulation tech-
niques that could be utilized in developing innovative pe-
diatric formulations that can minimize these limitations
especially with the solubility and concealing the unpalatable
taste of licensed ARVDs for efficient HIV pediatric therapy
[14-17].
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2. Microencapsulation

Microencapsulation (Figure 2) is the science or technology
used to encapsulate a solid or liquid core substance by
trapping this material by a wall forming or carrier. Typically,
this procedure yields tiny solid particles ranging in di-
mension from nanometres to micrometres [19, 20].
Schleicher and Green developed and patented the notion of
microencapsulation technology in the 1950s for the fabri-
cation of dye-encapsulated capsules designed just for paper
copying [21, 22]. Since then, microencapsulation has been
used and researched in a variety of disciplines and industries,
including agriculture, electronics, pharmaceuticals, food,
cosmetics, and biomedical [23]. Microencapsulation has
shown several advantages, particularly in the agricultural,
food, and pharmaceutical industries, and has given their
interesting features which consist of the encapsulation of
adhesives, dyes, live cells, active enzymes, flavors, fragrances,
drugs, their controlled or delayed release of active in-
gredients, masking of unpleasant taste, and enhanced sol-
ubility [24, 25].

The microencapsulation technique is known for pro-
ducing microparticles which can be subdivided into mi-
crospheres or microcapsules. These microcapsules vary in
size and shape according to the procedure and materials
used through the addition of multiple polymers or mono-
mers through diverse microencapsulation procedures [22].
These microcapsules can be divided into three categories, as
shown in Figure 3, mononuclear (the core is encased by the
shell), polynuclear (multiple core materials are enclosed
within the shell), and matrix (the cores are equally or
uniformly spread throughout the shell).

2.1. Applications of Microencapsulation. The application of
microencapsulation has gained traction in a variety of in-
dustries; it has piqued the interest of researchers and product
creators, and as a result, it has been used in a variety of fields
including but mostly in fabricating drug carrier or delivery
agent in pharmaceutical and biomedical fields (Figure 4).
Although other applications of microencapsulation have
been highlighted, the major emphasis of this work has been
on its use in pharmaceutical industries for drug delivery.

2.1.1. Application in Food Industry. Microencapsulation in
the food business has gained substantial attention
[20, 27, 28]. Some food-active chemicals degrade rapidly
when exposed to oxygen, light, certain pH levels, and food
processing conditions [29]. As a result, microencapsulation
in the food business strives to reduce food ingredient re-
activity to environmental and processing conditions [21].
Because several active compounds are volatile in nature, this
technology is required to reduce the growing concern of
waste and evaporation of volatile ingredients to the pro-
cessing medium, as well as masking of unpleasant flavors
from active ingredients and allowing homogeneous distri-
bution of food ingredients [29]. This technology has greatly
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TaBLE 1: Structures and names of some FDA-approved antiretroviral drugs [8].
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improved the application of microencapsulation in the food
industry, as well as the addition of beneficial substances [21].

2.1.2. Application in the Agricultural Sector. The attack of
insects on agricultural produce has focused attention on
effective strategies to avoid crop loss [27, 28]. The use of
synthetic pheromones has emerged as a viable alternative to
traditional pest management methods in agriculture. Sex

pheromone is viewed as a tool for bulk insect capture,
population inspection, and disrupting the mating process
between male and female insects [20]. In this context, mi-
croencapsulation has been used in the production of en-
capsulated insect attractant pheromones employing various
polymers as microencapsulants such as polyurea, Arabic
gum, and gelatin [20, 30]. Microencapsulation has also been
used in agriculture to reduce the chemical impact of fer-
tilizers on crop output quality [31]. Previous research studies
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Ficure 1: HIV life cycle diagram with antiretroviral treatment targets adapted from [8].
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FIGURE 4: Application of microencapsulation in different fields.

on encapsulated fertilizer in a polymeric microstructure of
urea explored the biological activity on target plants maize
and sunflower [31].

2.1.3. Application in the Pharmaceutical Industry. In the
pharmaceutical industry, the common goal of microen-
capsulation is to discover the most effective drug delivery
system (DDS) that will be widely accepted for the treatment
of a specific disease, thereby reducing side effects and re-
actions from the drugs, targeting the specific site of action,
promoting sustained or prolonged release of the compound,
increasing shelf lives, and improving patient compliance
[21, 32]. Numerous active pharmaceutical ingredients (APIs)
have been reported to have short half-lives, which could be
addressed by using microparticles with prolonged drug
release. Many medications have poor chemical stability and
breakdown easily through hydrolysis or oxidation. Fur-
thermore, many APIs are recognized for their metallic, salty,
or bitter taste, making them disagreeable to both children
and adults, resulting in poor adherence among patients,
particularly in cases of repeated administration [33, 34]. API
microencapsulation is thus an approach aimed at addressing
some or all the difficulties. This pharmaceutical pre-
formulation technology is not new to the pharmaceutical
business, as seen in the following list of approved and sold
microencapsulated drugs (Table 2).

2.2. Microencapsulation Techniques. Numerous microen-
capsulation techniques have been investigated in the en-
capsulation of the desired microcapsules considering the size
and shape, as well as the physicochemical properties of the
core material and the encapsulating agents (Table 3) [69].
Each technique has different features, identifications, ad-
aptations, and specifications. Many of these techniques have
been explored in the encapsulation of ARVDs which have
given rise to licensed and approved HIV drug today majorly
for adults. This is because these techniques can improve drug
bioavailability while overcoming issues with poor solubility,
poor palatability, and slow dissolution rates. They are also
capable of producing particles with appropriate aero-
dynamic diameters and particles within a certain size range
[69]. This is due to the fact that, according to the article,
particle size affects solubility and dissolution rates because
micronization or particle size reduction increases the surface
area on which water interacts, which increases the rate of
dissolution and bioavailability of active ingredients, espe-
cially for compounds with low water solubility [69, 70].
Despite their huge potentials towards HIV adult formula-
tions, little or no attention has been given to HIV pediatric

formulation using these techniques. Thus, some of these
techniques and their distinctive properties have been
assessed towards HIV pediatric formulations to help min-
imize the challenges associated with the treatment of chil-
dren living with HIV. This is because their accomplishments
have been confirmed as they have shown promise in tackling
challenges associated with the use of ARVDs.

2.2.1. Spray Drying. One of the extensively and often used
microencapsulation procedures for different active com-
ponents is spray drying (Figure 5). This technique involves
dissolving the active substance or chemical in a polymer
solution to create a dispersed polymer suspension, which is
then sprayed into a heated chamber. It involves intricate
interactions between process, equipment, and feed factors,
all of which have an impact on the quality of the finished
product [72]. During the functioning of a spray drying
machine, a liquid product is atomized in a hot gas current to
rapidly generate a powder. The gas that is most usually
utilized is air, or less frequently, an inert gas, typically ni-
trogen gas. The initial liquid feeding can be a solution,
emulsion, or suspension and can be used on both heat-
sensitive and heat-resistant items. Microcapsules of poly-
nuclear and matrix form as a result of the coating material
solidifying onto the active particles during the solvent-
induced evaporation [19, 22, 72]. The final product’s
physicochemical characteristics are primarily influenced by
the input temperature, air flow rate, feed flow rate, atomizer
speed, and the kinds and concentrations of carrier agents
[72]. Since being discovered in 1937 by Boake Roberts, this
method has been the most widely and often used encap-
sulating method. Since its invention, spray drying has ef-
fectively replaced other techniques, even in pharmaceutical
studies, where the technique is primarily used for drying
heat-sensitive compounds such as enzymes and pharma-
ceutical proteins without significantly losing activity,
masking the taste of bitter active ingredients, enhancing the
absorption of poorly soluble drugs due to the micronized
particle sizes, improving the flow characteristics of micro-
capsules, coating the core materials, and formulating
microcapillaries [73-75]. Spray drying is widely preferred
over many other techniques because of its many benefits,
which include its affordability, simplicity of operation, low
water activity, production of fine particles, and suitability for
transport and storage, can quickly treat materials, and offers
some degree of control over the particle size distribution
[19, 76]. It has been adopted across wide range of drug
encapsulation, solubility enhancement, and taste masking;
however, it has not been explored in designing HIV for-
mulation despite the outstanding features and success.

In some studies, Priya Dharshini et al. [41] examined the
in vivo pharmacokinetic analysis of dolutegravir-loaded
spray-dried chitosan nanoparticles as milk admixture for
pediatrics infected with HIV. Spray-dried chitosan nano-
particles coated with dolutegravir were created owing the
drug’s solubility problems. The produced nanoformulation’s
physicochemical characteristics were assessed, and its suit-
ability for oral administration in combination with food or
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FIGURE 5: Diagrammatic representation of spray-drying technique for microencapsulation adapted from [71].

milk as an admixture for pediatric antiretroviral therapy was
examined. In comparison to the pure drug, the nanoparticles
showed an increase in C,,,. When compared to the AUC of
animals given pure dolutegravir, the enhanced drug bio-
availability in the nanoparticles given to mice further sup-
ported this phenomenon. Overall, they showed that
chitosan-based nanoparticles could be a promising treat-
ment adherence booster for pediatric HIV patients and be
the perfect vehicle for the oral delivery of dolutegravir in
combination with milk.

Spray drying technique has also been explored in de-
signing the cyclodextrin-based pediatric anti-HIV formu-
lations [77]. The authors produced a pediatric-friendly
formulation of lopinavir, and ritonavir has given their
poor palatability and poor solubility to achieve spray-dried
drugs pediatric complexes. They showed enhanced disso-
lution profiles and improved taste of the spray-dried cy-
clodextrin complexes in comparison to pure drugs
indicating the potential cyclodextrin in addressing the un-
met need for the development of suitable pediatric
formulations.

2.2.2. Spray Chilling. The spray chilling process (Figure 6),
which shares many similarities with the spray drying
method, is also known as spray cooling, spray congealing, or
spray prilling. In contrast to the hot air produced by the
spray drying method, this process requires mixing the core
material and the carrier to create a slurry that is atomized
with the chilled air [78, 79]. As opposed to spray drying,
when the solvent evaporates, this procedure produces the
particles by cooling and hardening the droplets of vegetable
oil (32-42°C) employed for the hydrogenation and frac-
tionation of the outer material. Other applications for the
spray freezing technique include the encapsulation of heat-
sensitive compounds and nonsoluble, frozen liquids
(19, 24, 78]. Similar benefits to those of spray drying are
provided by spray chilling, including the ability to mask

unpleasant tastes or odors including HIV drugs for pedi-
atrics, increase the solubility of poorly soluble core agents
such as ARV drugs for potential sustained release, increase
the stability of unstable ingredients, and decrease the hy-
groscopicity of individual ingredients. It does not require the
use of organic solvents or high temperatures, is easy to
operate, reasonably priced, and extremely scalable. Low
entrapment efficiency and the release of the active ingredient
upon storage are disadvantages of this process [46]. How-
ever, this technique can limit the challenging factors for
children using HIV drugs including poor palatability of the
drugs, the frequent administration, and use of the large pill
due to the poor aqueous drug solubility and should be
explored for this purpose.

2.2.3. Extrusion. Extrusion is one of the microencapsulation
techniques which involves forcing a material to flow through
an aperture with a different diameter at a predetermined rate
under various conditions (high and low temperature, high
and low moisture, and high and low speed) to produce
various types of products based on consumer requirements
or producer specifications [80]. Sodium alginate serves as the
primary encapsulating agent in the extrusion process
(Figure 7). The sodium alginate solution properly in-
corporates the active ingredient, which is immobilized by the
robust polysaccharide gel created in the presence of the
multivalent jon. The mixture is then subjected to a drop-wise
extrusion into a hardening solution such as sodium chloride
using a reduced calibre pipette or syringe. The extrusion
method of processing has become an increasingly important
manufacturing technique because it can operate continu-
ously with high output and cheap production costs. Due to
its low-moisture process, the extrusion method is envi-
ronmentally beneficial because it no longer generates sig-
nificant amounts of effluents, consequently, lowering the
cost of water treatment and the level of environmental
pollution [80]. This method has been heavily utilized mainly
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FIGURE 6: Graphical depiction of spray chilling encapsulation technique adapted from [78].

in the encapsulation of nutraceuticals, precarious flavors
especially with the use of glassy carbohydrate as the coating
agents but have not been explored towards HIV pediatric
formulations despite the advancement and the potential
[19]. This strategy can minimize the limitations associated
with the treatment of HIV, including the large pill size and
the poor solubility of the drugs which has contributed to
therapeutic failure, in children. There are various extrusion
technologies, and they are classified depending on the sort of
extruder (a machine used for extrusion) being used, the
extrusion condition, and other factors including the type of
output being extruded. These methods of the extrusion
technique are distinguished as follows:

(1) Hot-melt

(2) Melt injection

(3) Centrifugal/coextrusion

(4) Electrostatic and electrospinning

(5) Particles from gas-saturated solution (PGSS)

The major advantage of this process is the improvement
of the half-life of most of the compounds associated with
oxidation problems. This is because the atmospheric gases
disperse slowly through the hydrophilic glassy matrix and in
the process creating an impermeable hurdle against oxygen.
Although this method has been in existence, the formation
of larger particles (500-1,000 mm) using this method has
been its major challenges especially in the pharmaceutical
and food industries where mouth feel is an important factor
[19, 82]. The anti-HIV drug dolutegravir and its nano-
particles were incorporated into the buccal film that was
manufactured deploying the produced polymer ink through
research on the semisolid extrusion 3D printing technology
[83]. An ideal viscosity for a smooth extrusion through the
3D printer’s nozzle was achieved by processing the com-
posite material consisting of polyvinyl alcohol and sodium
alginate. The drug’s disintegrating profile in the simulated
salivary fluid was evaluated for buccal films both in vitro and
in vivo, with an emphasis on examining the impact of

polymer composition and printing conditions. According to
the findings, the proposed polyvinyl alcohol-based polymer
ink for pressure-based 3D printing provides a flexible
method for producing mucoadhesive buccal films that can
be tailored in terms of shape and drug loading.

2.2.4. Fluidized Bed Coating. Fluidized bed coating is a type
of spray coating microencapsulation technology which
adopts suspending powder particles in a stream of air that is
carefully regulated and persistently kept at a constant and
specified temperature and humidity while continuously
spraying with a coating material surface [84, 85]. Over time,
the coating agents initiate the formation of a thin layer on
the surface of the suspended particle. However, only coating
materials with strong viscosity properties and thermal sta-
bility are taken into consideration in order to permit at-
omizing, pumping, and the creation of film over the
particle’s surface [84, 85]. The duration of the particles in the
chamber where 5 to 50% of the coating is applied determines
the coating of the particles using this technique. With the
help of various coating agents, this process allows for the
synthesis and manufacture of particles with diameters
ranging from 50 to 500 microns [71]. The fluid-bed coating is
made of different coaters (Figure 8) including the top spray,
bottom spray, and tangential spray [24, 71]. With air on the
fluid bed, the coating solution is sprayed downward in
a countercurrent fashion in the top spray system, allowing
porous or solid particles to migrate and transfer to the
coating zone and subsequently become microencapsulated.
The encapsulation tends to grow with little agglomeration or
cluster formation because of the opposing flows of the
covering material and particles [24, 71]. When compared to
bottom spray and tangential spray, the fluid-bed top spray
coater is widely employed in microencapsulation to man-
ufacture microcapsules between 2 and 100 m with a high
yield of the encapsulated particles. The Wurster technique,
also known as the bottom spray, is employed to coat particles
as small as 100 m. This method of coating consists of
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FIGURE 7: Schematic presentation of extrusion method adapted from [81].

a coating chamber with a cribriform bottom plate and
a cylindrical stainless-steel nozzle that sprays the coating
material [71, 86]. The coating material microencapsulates the
particles as they advance from the bottom to the top through
the cribriform bottom plate and the nozzle zone, continuing
until the appropriate thickness and weight are reached. The
solvent is subsequently evaporated, and the microcapsules
solidify and become rigid [71, 86]. The fluidized-bed coating
processes use ethanolic solutions of synthetic polymers and
mostly aqueous solutions such as gums, fats, or waxes to
recoat already spray-dried microparticles for an improved
half-life and protection. This method has the potential to
produce controlled-release formulations more than any
other coating technologies [24, 71, 86]. This approach can be
explored in HIV pediatric formulations given its advantages
such as the high rate of moisture removal, good thermal
efficiency, low maintenance costs, and the flexibility to move
items about the dryer with ease. However, high electrical
power consumption, large pressure drops, agglomeration of
the fine powder, and production of a nonuniform product
have been its major challenges [87].

2.2.5. Liposomal Encapsulation. Liposomes are the smallest
and most spherical artificial vesicles made of either natural
or synthetic phospholipids (Figure 9) [89]. Due to the many
and varied benefits, it provides, such as the biocompatibility,
biodegradability, low toxicity, tendency to encapsulate both
hydrophilic and hydrophobic drugs, ability to target a spe-
cific site of action, function as a solubilizing agent, and
ability to be modified to control their biological behavior due
to their physicochemical and biophysical features, liposomes
have received extensive research [19, 89-91]. Most industries
have used liposomes for drug delivery, including the transfer
of vitamins, hormones, enzymes, and flu shots into the body

[89]. The United States Food and Drug Administration
(FDA) and other regulatory bodies have recognized the
manufacturing and clinical characteristics of liposomes,
including batch-to-batch variability, formulation simplicity,
scalability, and biocompatibility, as an acceptable formu-
lation technique. Permeability, stability, surface activity, and
affinity of liposomes might vary depending on their size and
lipid makeup [92]. The diameter of liposomes can range
from 25nm to several microns, and they can be freeze-dried
for storage. Phosphatidylcholine (PC), often known as
lecithin, is the most widely employed phospholipid when
making liposomes. It is composed of two hydrophobic fatty
acid “tails” joined by a glycerol molecule, and a hydrophilic
phosphate “head” [91]. The hydrophobic tails, which are
made up of two long fatty acid chains, are attracted to water,
whereas the hydrophilic head has a significant attraction for
it [89, 93]. Due to their many advantages and applications,
liposomes are now the most studied delivery technique and
are used to encapsulate ARV drugs. They are well known for
having minimal immunogenicity and cell selectivity and for
using surface modifications to target drugs to virus-infected
cells or organs, particularly HIV-infected cells [94]. Several
novel liposomal approaches (immunoliposomes, long-
circulating liposomes, long-circulating immunoliposomes,
bioinspired liposomes, temperature, pH, and enzyme-
sensitive liposomes) have all been investigated and estab-
lished as a treatment strategy for different diseases and vi-
ruses including the HIV to specifically target the organ, cell,
or tissue or the site of action [94, 95]. Although liposomes
have been explored for pediatric formulations, however,
liposomes have not fully been investigated for HIV pediatric
formulations given the enormous potential especially they
can be utilized to increase the solubility and may disguise the
taste of ARV pediatric drugs. They can easily be modified to
target the infected cells, achieve a liposome powder with
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FIGURE 8: Schematic depiction of top, bottom, and tangential-spray fluidized-bed coating adapted from [71].

reduced particle size to reduce frequent drug administration,
difficulty in swallowing the large pills, and enhance thera-
peutic HIV pediatric treatment [94, 96].

The liposome delivery system has been investigated for
HIV pediatric treatment, and in some cases, oral prolipo-
somal dolutegravir powder for pediatrics has been developed
[97]. The proliposomes demonstrated enhanced dissolution
and improved the absorption rate compared to the pure drug
indicating a potential application in HIV pediatric
formulations.

A modified liposome (niosomes) for pediatric formu-
lations has been prepared where different factors (physical
and compositional factors) were evaluated to determine the
features of the formulated niosomes using the high-pressure
homogenizer [98]. The study depicted the importance of the
microfluidization for the production and possible scale-up
of anti-HIV niosomes with very small mean vesicular sizes
for HIV pediatrics.

2.2.6. Freeze Drying. Freeze drying, also known as lyophi-
lization or cryodesiccation, is a microencapsulation process
utilized largely in the dehydration of chemicals and mate-
rials, including scents and oils that are heat sensitive.
Powders with high qualities have been produced by the use
of freeze drying [99]. Given that the feed emulsion is frozen
at a negative temperature, it is appropriate for bioactive
substances that are delicate. The frozen fluid is then sub-
jected to extremely low pressures, which cause the produced
ice crystals to sublimate. Due to the use of a pump, which can
create a vacuum, it is regarded as an expensive drying
process. As a result, the lengthy (24-48h) drying process
involves a high-energy operation [99]. Using this technique,
oil gets dissolved in the water and frozen between —90°C and
—40°C with a decreased surrounding pressure and sufficient
heat so as to allow the frozen water in the material to
sublime. This technique (Figure 10) has been successfully
adopted in the encapsulation of some water-soluble essences
and aromas (oils) such as fish, flaxseed, walnuts, and olive

oil. In addition to safeguarding heat-sensitive core com-
ponents, freeze drying is straightforward and simple to use.
Freeze-dried samples were found to have a higher level of
oxidation resistance and a lower level of microencapsulation
effectiveness possible [19, 71, 100]. When compared to other
drying technologies, the main drawbacks are the high energy
consumption, extended processing times, and high pro-
duction costs, the porosity of the freeze-dried materials,
which could expose the core material to the environment
[71]. However, freeze-dried bioactive materials’ porous ar-
chitectures allow for a higher drug release [71].

The palatability of an innovative delivery mechanism
utilizing a freeze drying in blister approach aimed at pro-
ducing fast-dissolving tablets containing a fixed-dose
combination of lopinavir and ritonavir was assessed [57].
The findings showed that freeze-dried rapid dissolving
tablets with dual encapsulation and oral administration of
lopinavir and ritonavir for pediatric HIV treatment in
children when mixed with baby food could be a palatable
delivery mechanism.

In another study involving freeze drying technique, an
investigation by Lal et al. [58] was conducted on the pro-
duction of fast-dissolving lopinavir and ritonavir tablets and
was investigated through a study on the freeze drying blister
approach. These tablets may be easily administered, even to
newborns, by dispersing them in fluids and giving varied
amounts of the dispersion according to their weight and age.
For the distribution of ARV drugs, particularly to pediatric
patients, specifically in low-resource environments, they
described an appealing adjustable dosage form of the fast-
dissolving tablets.

2.2.7. Coacervation. Coacervation process is one of the first
and most popular methods for encapsulating different
forms. Using this method (Figure 11), two biopolymers with
opposing charges are brought together in a small pH range
by electrostatic attraction, and at the conclusion of the
procedure, the liquid phase displaces the rich phase, which is
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Figure 11: Illustration of microencapsulation by coacervation adapted from [101].
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FiGure 12: Illustration of in situ polymerization technique in the microencapsulation of essential oils adapted from [71].
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FIGURE 13: Schematic representation of pan coating adapted from [103].
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FIGURE 14: A schematic representation of electrospraying process through a single-nozzle system [104].

typically referred to as the coacervate [24, 101]. The method’s
propensity to entirely entrap the core material within the
matrix is one of its key advantages. The simple coacervation
and the complex coacervation are the two types of this
procedure. In general, a single colloidal solute is added to the
aqueous solution of a polymer during a simple coacervation
process, whereas two colloids with opposing charges are
added to a polymeric solution during a complex co-
acervation process. As a result, the complex coacervation
process produces microcapsules through the ionic in-
teractions of polymers with opposing charges, such as the
positive charges of protein molecules and the anionic
macromolecules of gelatin and Arabic gum [102]. The
majority of the polymers utilized in the simple coacervation,
however, are essentially nonsolvent or water-soluble poly-
mers, including gelatin and gums, and are designed to create
microcapsules by a hydrophobic contact with other poly-
mers or proteins [101, 102]. When these two opposed
charges balance each other out, the complex coacervate is
created. With this technique, a liquid coating material phase
is separated from a polymeric solution and coated as a ho-
mogeneous layer around suspended core particles [100].
When the system’s total free energy is reduced, the coating
material typically deposits on the surface of the core material
and hardens by chemical or thermal cross-bonding to form
solid capsules [24, 71, 101]. This process has been imple-
mented on an industrial scale and can be adopted in HIV
pediatric formulations. This is because it is very favorable
over many other procedures in which it is scalable, uses few
or no solvents, has a large payload, inexpensive, and re-
producible, especially for the encapsulated drugs and even
oils [102].

2.2.8. In Situ Polymerization. This technology is regarded
as the most popular microencapsulation process (Fig-
ure 12), which is used mostly to fabricate and produce
functional fibres and microcapsules. When utilizing

precipitants, a change in pH values, temperature, or
solvent quality, the capsules in this process typically form
on the particle’s surface [60-62]. The absence of any re-
actants or reactive agents in the core material distin-
guishes this method for encapsulating from other
polymerization processes. The main coating ingredients
for the encapsulation utilizing this method include
multifunctional monomers such as isocyanates and
multifunctional acid chlorides, employed separately or in
combination. These multifunctional monomers are typi-
cally dissolved in a liquid core material, dispersed in the
aqueous phase of the dispersion agent, and then added to
the mixture with a reactive multifunctional amine, which
causes a fast polymerization at the interface to produce
capsules [60-62]. A low molecular weight prepolymer will
initially form; over time, the prepolymer will grow in size
and accumulate on the surface of the scattered core
material to create a solid capsule shell [61]. Depending on
the polymerization monomer added to the reactor, many
shell types are generated. The most common examples
include the utilization of a urea shell made when iso-
cyanate combines with amine, a polynylon or polyamide
shell produced when acid chloride reacts with amine, and
a polyurethane shell created when isocyanate reacts with
a monomer that contains a hydroxyl group [19, 22, 61, 71].
A study involving in situ polymerization to develop
a fixed-dose combination of lopinavir and ritonavir drugs
in a children-friendly, flexible solid dosage form (gran-
ules) has been researched [63]. In rats given the com-
mercial lopinavir/ritonavir pill, the results demonstrated
improved bioavailability and markedly elevated lopinavir
concentrations in examined tissues, particularly in HIV
haven sites. Ultimately, the findings showed that the in-
novative in situ nanotechnology is an exciting option for
producing flexible, tasty, and “heat” stable pediatric
granules for fixed-dose combinations that can be utilized
as sprinkles and sachets to treat HIV in children.
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2.2.9. Pan Coating. Pan coating is one of the pharmaceutical
industry’s oldest and most popular spray coating process for
producing coated particles or smaller-sized tablets (Fig-
ure 13). This method involves gently applying the coating
substance throughout the coating process while the particles
are being gently swirled in a pan or other devices. For ef-
ficient coating, solid particle sizes exceeding 600m are
typically regarded as necessary [103]. This method has been
widely used in the formation of controlled-release beads and
can also be utilized in the preparation of ARV formulations
including pediatric beads. This technique involves coating
the active chemicals onto spherical substrates such as
nonpareil sugar seeds, followed by the application of pro-
tective coatings made of different polymers [16]. It is capable
of enhancing the solubility of the core material, producing
fine particles even smaller particle sizes; thus, a good shout-
out for HIV pediatric formulations. In practice, the coating
is applied to the desired solid core material in the coating
pan as a solution or an atomized spray. Warm air is then
passed over the coated materials to remove the coating
solvent as the coatings are applied in the coating pans, and in
some cases, the final solvent removal is done in the drying
oven [16, 22, 103].

2.2.10. Electrospraying. The electrospraying commonly
known as electrohydrodynamic spraying (Figure 14) is
a microencapsulation technique for atomizing liquids using
electrical forces. Continuously flowing liquid is driven by an
electric field into a dispersion of tiny, highly charged droplets
by a capillary nozzle that is kept at a high electric potential
[105]. In order to produce electrically charged polymer jets,
the basic concepts of this approach involve using electrical
shear to overcome the surface tension force of a pendant
droplet of the biopolymer solution at the capillary nozzle
[106, 105]. When an electric field is applied to a droplet, an
electric charge is produced that competes with the particle’s
cohesive force. When it does, the surface tension is reduced
and eventually nanoparticles are produced [107]. The size and
morphology of the nanoparticles produced are affected by
variables including the concentration of the polymer, shear
viscosity, molecular weight of the polymer/solvent, and the
electrospraying process including the electric potential, the
electric difference, flow rate, and distance between the tip of
the needle and the collector [104, 105, 107]. Electrospraying is
popular in forming drug carriers for biomedical applications
since it has few advantages over other traditional approaches.
Since it is operated at room temperature, it can also be utilized
to encapsulate delicate biomolecules and even living cells. Due
to the potential absence of an external medium that would
otherwise permit the disintegration or migration of water-
soluble cargos, the encapsulation efficiency utilizing this
technology is maximized [105]. This technique can reliably
produce drug-loaded particles including ARV drug-loaded
particles for children with a narrow distribution between
5nm and 100m in size. Hollow particles, porous micro-
particles, cell-shaped microparticles, and even multilayered
microspheres might all be designed using this method
[105, 108, 109].
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3. Clinical Advances of Microparticulate
Technologies and Microparticles in
HIV Formulations

The pharmaceutical industry has successfully implemented
the microencapsulation technology to tailor the delivery of
drugs to certain organs and sites, mask the poor taste,
improve drug stability, and control release patterns [110].
The release rates of microencapsulated APIs are precisely
regulated at the intended areas, in contrast to standard drug
delivery methods such as tablets, capsules, and syrups.
Therapeutic efficacies are improved, and adverse effects are
decreased due to their capacity to circumvent certain bodily
areas [16, 111]. The conventional drug delivery method is
vastly outmoded by the numerous applications of micro-
encapsulated drug. Pursuant to the numerous benefits of
these microencapsulation techniques, several pharmaceuti-
cal products containing microparticles are currently on the
market (Table 3), and a number more are undergoing and
had completed clinical trials to treat a variety of diseases,
including HIV (Table 4) [110]. Multiple drugs belonging to
distinct therapeutic groups have been encapsulated in mi-
croparticles and are presently undergoing thorough exam-
ination for potential clinical applications, especially with
respect to diverse administration routes [110].

4. Conclusion and Future Prospectives

Several factors, including pill size and quantity, which is the
main cause of swallowing difficulty, repeated administration
of numerous ARVDs, many of which have poor solubility
and severe side effects in children, unpalatability of the drug,
which is one of the criteria for pediatric formulations, and
this has promoted poor adherence and therapeutic failure
among the children. Microencapsulation technology has
been investigated across several fields, and many others are
still being developed and discovered mostly in the phar-
maceutical industries for the encapsulation of the APIs
within a coating agent to produce different morphological
microparticulates and nanoparticles of varying sizes with an
improved pharmacological property required for an effective
treatment. Although number of these technologies offer
remarkable qualities and a unique way of manufacturing
distinct types of microparticles of varying sizes, there has not
been much focus on investigating these strategies in HIV
pediatric formulations. Given that they are powerful in
improving shelf life of the core material, enhancing the
stability and solubility of the drugs, taste masking of the
unpalatable drugs. For future HIV pediatric formulations,
these technologies can be explored to improve palatability
and taste masking properties of oral dosage form, in-
vestigated for use in the formulation of several HIV pediatric
oral dosage forms including powders for reconstitution,
multiparticulates, orodispersible or chewable tablets,
micropellets, and other drug-resonant forms. They can also
be applied for coencapsulation of the drugs, adopt in surface
modification of the nano- or microparticle formulations to
specifically target the site of action in addition. The 3D
printing technology should also be investigated for HIV
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pediatric formulations. This is because 3D printing enables
the manufacture of pharmaceutical dosage forms according
to patient requirements, such as dose, release profile, color,
texture, and size. Despite the tremendous success of these
methods in producing microencapsulated commercially
available products, there is still a long way to go before these
technologies reach their full potential. To this effect, more
studies must focus on the mechanisms underlying micro-
encapsulation processes, as well as on the evaluation of the
physicochemical properties of the individual drug and
polymer, the stability of the encapsulated drugs, and the
translation of bench-scale processes to industrial scales. By
addressing these challenges, microencapsulation technology
will evolve to an exciting new degree, enabling the re-
alization of ever-more complex pharmaceutical drug
systems.

Data Availability
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