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Environmentally friendly alternatives have become sought after upon the development of scientific research and industrial
processes. Recent trends suggest biodegradable polymers as the most promising solution for synthetic microcapsule systems.
Safety, efficiency, biocompatibility, and biodegradability are some of the properties that biodegradable systems in
microencapsulation can provide for a broad spectrum of applications. The controlled release of encapsulated active agents is a
research field that, over the years, has been constantly innovating due to the promising applications in the areas of
pharmaceutical, cosmetic, textile industry, among others. This article presents an overview of different polymers with potential
for microcapsule synthesis, namely, biodegradable polymers. First, natural polymers are discussed, which are divided into two
categories: polysaccharide-based polymers (cellulose, starch, chitosan, and alginate) and protein polymers (gelatin). Second,
synthetic polymers are described, where biodegradable polymers such as polyesters, polyamides, among others appear as
examples. For each polymer, this review presents its origin, relevant properties, applications, and examples found in the
literature regarding its use in biodegradable microencapsulation systems.

1. Introduction

Over the years, polymers have undergone several advances
in the improvement of their synthesis and biodegradability
[1]. These materials have attracted several researches
worldwide in therapeutic administration, in particular on
the administration of drugs and in biomedical field appli-
cations [2, 3]. However, many problems have arisen
because some polymers are not biodegradable. Some non-
degradable polymers have several disadvantages, as the
prominent toxicity. This disadvantage has concerned sev-
eral researchers to circumvent this problem; thus, the
emergence of biodegradable polymers. Biodegradable poly-
meric matrices have been developed for sustained release,
controlled release, and delayed release [4].

Biodegradation is a natural process where organic che-
micals in the environment are converted into simpler com-
pounds, mineralized, and redistributed by elementary
cycles. Biodegradable polymers undergo biodegradation

in vivo, enzymatic, or nonenzymatic, and produce biocom-
patible or harmless by-products [3].

Since the majority of biodegradable polymers are not
harmful to the body or the environment, they have achieved
a remarkable focus for new chemical macromolecules
scheme medication administration [5], revealing the absence
of inflammatory effects, good permeability, and inhibition of
toxic degradation products [6]. In addition to the pharma-
ceutical industry, these biodegradable polymers have impor-
tant applications in medicine, agriculture, and packaging.

The application of biodegradable polymers in these differ-
ent areas is carried out mainly through microparticles, such as
microcapsules and microspheres (1-1000μm in diameter).
These small particles are made up of an active agent sur-
rounded by a synthetic polymeric shell, which protects the
internal part from the external environment [7]. The encapsu-
lated substances are isolated from various conditions such as
light, oxygen, heat, humidity, and interactions with other sub-
stances. Furthermore, the microencapsulation technique is
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widely used for the controlled release of the active agent and to
control the release of volatile substances. The encapsulated
substance can be released through several mechanisms that
involve specific conditions such as pH, temperature, diffusion,
vapour pressure, and mechanical actions [8].

Microencapsulation is a technology that has gained
prominence over time. Currently, it is used in several indus-
trial areas, mainly in pharmaceutical, medical, food, textile,
and cosmetics industries [9]. Several scientific studies dem-
onstrate a growing interest of the scientific community in
the microencapsulation of active agents using biodegradable
and biocompatible polymeric materials due to extensive
search for environmentally and human health-friendly for-
mulations [10].

This review reports the origin of biodegradable poly-
mers, being divided into two categories, natural polymers,
and synthetic polymers (Figure 1). Several characteristics
and applications of these materials are approached, as well
as a review of the most relevant scientific works in their
applicability in microencapsulation technology.

2. Biodegradable Polymers
Used for Microencapsulation

2.1. Natural Polymers. Natural biodegradable polymers are
formed in nature during the growth cycles of organisms.
These polymers have several advantages, such as ease to
obtain, biocompatibility, and biodegradability. Natural poly-
mers are planted and animal-based and most have solubility
in water. As main properties, it can be highlighted their
capacity to emulsify oils, stabilize complex formulas, and
prolong the effectiveness of active agents. Polymerization
reactions in growth chains catalysed by enzymes are present
in the synthesis of these polymers. Natural polymers are ver-
satile for controlled drug delivery, gene delivery, regenerative
medicine, and other biomedical applications. Natural poly-
mers show less toxicities when compared with synthetic
polymers [12].

2.1.1. Polysaccharide-Based Polymers. Polysaccharides are
carbohydrates made up of units of monosaccharides in their
backbone and are usually joined by O-glycosidic bonds of
the ether bond. They are biodegradable, very stable, biocom-
patible, nontoxic, hydrophilic, and easily modified. Regard-
ing the application, polysaccharides are used in the
administration and targeting of drugs and the most used
are alginate, chitosan, among others [13, 14]. For material
applications, the main polysaccharides of interest are cellu-
lose and starch.

(1) Starch. Starch (Figure 2) is a white, monotonous, and
odourless powder, insoluble in cold water or alcohol. This
polymer is widely found in plants, being the most common
carbohydrate in a variety of human food, such as potatoes,
rice, and wheat.

Amylose is the linear constituent of starch, which was
used to make mixed films of amylose and ethyl cellulose as

coatings [15]. It has also been applied for the delivery of
antiarthritic drugs and for the delivery of pesticides [16].

Probiotics are living microorganisms that have been
administered to consumers in adequate amounts. Resistant
starch (RS) is a prebiotic substance that provides a beneficial
physiological effect on the host by stimulating the growth or
favourable activity of a limited number of bacteria [17].
Foods that contain both probiotics and prebiotics are
referred to as symbiotic or functional foods [18]. In the
colon, prebiotic compounds are consumed by probiotics as
an energy source, increasing the number of cells, while path-
ogenic microorganisms decrease [19]. In this particular case,
microencapsulation can be applied to protect probiotic foods
and microorganisms during processing, storage, and transi-
tion in the acidic environment of the stomach [20–22].
The effects of RS on encapsulation materials have been stud-
ied and are described in Figure 3. A certain combination of
encapsulation materials, such as alginate and whey protein
with RS, can be used to improve the tolerance of probiotics
and microcapsules against digestive stresses [22–24]. These
microcapsules maintain greater viability of microorganisms
and do not show side effects on sensory characteristics dur-
ing storage periods [20, 22]. Resistant starch has been stud-
ied to improve clinical conditions related to inflammatory
bowel diseases, immunostimulatory activities, and to protect
against colon cancer [25]. There are other studies on the
encapsulation of nutraceutical components, such as folic
acid, with RS-biofilm combinations that support the data
obtained with living organisms [26].

In 2013, Ying et al. compared the survival of spray-dried
microencapsulated Lactobacillus rhamnosus GG (LGG)
added to apple juice or citrate buffer (pH3.5) [24]. The
LGG was encapsulated through three different matrices:

(i) Whey protein isolate (WPI) alone

(ii) WPI in combination with physically modified resis-
tant starch (RS) in different proportions (4 : 1, 1 : 1,
and 1 : 4)

(iii) RS alone

The authors found that LGG microcapsules containing
WPI alone or WPI in combination with RS provided better
protection to LGG in apple juice or citrate buffer, compared
to the formulation containing RS alone. This fact can be
explained by the ability of WPI to create a buffered microen-
vironment within the hydrated colloid particle around the
incorporated LGG. Through confocal laser scanning micros-
copy (CLSM) technique, it was verified that WPI and the
physically modified RS can form a gel matrix when using
LGG microcapsules dispersed in apple juice for 24 hours
(Figure 4). Most of LGG was trapped within the encapsula-
tion matrix after 24 hours.

Li et al. prepared starch microcapsules using a premixed
membrane emulsification method [27]. To manufacture
microcapsules with a uniform and controllable size, the
authors optimized the conditions of the process. A water
insoluble pesticide-controlled release system was developed
using avermectin (Av) as active agent. Scanning electron
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microscopy (SEM) observations showed that the resultant
microcapsules were uniform when dichloromethane
(DCM) was used as an oil phase, and a stable emulsion
was produced (Figure 5(a)). When ethyl acetate (EA) was
used to replace pure water, a milky emulsion was obtained,
and the microcapsules presented a more heterogeneous size
distribution (Figure 5(b)). With these results, it was con-
cluded that DCM was preferred to make the starch micro-
capsules with a better size control.

Etchepare et al. used resistant starch (Hi-maize) in the
microencapsulation of Lactobacillus acidophilus on alginate
beads, in a simulated digestive system, and under different
storage temperatures [23]. These authors found that Hi-
maize provided better protection for probiotics after expo-
sure to simulated gastrointestinal juice, for wet and lyophi-
lized microcapsules. Through optical microscopy (OM), it
was found that the wet microcapsules were spherical with
the core material distributed throughout the matrix
(Figure 6). Once the active material was located inside the
particle, alginate particles and microorganisms were
observed inside the microparticle, showing that the microor-
ganism microencapsulation was effective in both treatments.

Cai et al. developed carboxymethyl starch (CMS)/
xanthan gum (XG) combination systems to encapsulate

blueberry anthocyanins (ANS) and improve their stability
[28]. The study of the physical and chemical properties,
thermal stability, and storage stability of the system allowed
to conclude that the microcapsules showed high encapsula-
tion efficiency and thermal stability. ANS stability was
increased to 76.11% after 30 days storage (37°C). In addition
to being a low-cost material, it was concluded that CMS/XG,
as a microcapsule wall material, can protect blueberry antho-
cyanin. Moreover, in vitro release experiments of anthocya-
nins in microcapsules were performed under simulated
gastric and intestinal fluid. These studies showed that ANS
were retained within the CMS/XG-ANS microcapsules in
the stomach and released in the intestine proving that the
CMS/XG combination improves the stability of ANS and
promotes target distribution in the intestine (Figure 7).

There are only a few studies on the preparation and sta-
bility of CMS/XG-ANS microcapsules. Hence, this field
requires additional research and development, such as more
in vivo analysis, to guarantee the improvement of the stabil-
ity of blueberry anthocyanins and the correct target distribu-
tion in the intestine.

(2) Cellulose. Many researchers defend that polymer chemis-
try started with the characterization of cellulose. Cellulose is
a long-chain polymer composed of a single monomer (glu-
cose) and can be classified as a polysaccharide (Figure 8).
Cellulose is one of the main constituents of plant cell walls,
being a highly crystalline polymer with high molecular
weight.

Cellulose presents different properties according to the
surrounding environment, particularly in the aerobic envi-
ronment of soil, which usually contains pools of several
types of bacteria and fungi that cooperate. Primary
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Figure 1: Polymer classification [11].
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Figure 2: Chemical structure of starch.
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microorganisms break down cellulose into glucose and cello-
dextrins, and secondary microorganisms provide enzymes
that break down cellodextrins into glucose. The consump-
tion of glucose supports the growth of primary microorgan-
ism and prevents the accumulation of cellodextrins that can
inhibit glucanases. Carbon dioxide and water are the final
products of this process. In anaerobic environment, a varied
number of final products are formed, in which carbon diox-

ide can be produced by oxidative reactions using inorganic
compounds. The hydrogen produced by some anaerobic
bacteria can be used by autotrophic bacteria to reduce oxi-
dized compounds.

Another class of polymers that can be used is cellulose
esters because of its potential to participate in the carbon
cycle. Cellulose acetate is used in applications, ranging from
fibers to films and thermoplastics for injection molding. This

Food applications

Cereal products
Dairy and meat products
Edible films and coating
Microencapsulation

Effects on product properties

Inert fiber source
Stable structure in storage
period 
Increase in loaf volume of 
gluten-free breads, and pasta 
firmness
Water structuring and 
entrapping ability in dairy 
products
Compact and hydrophobic 
microcapsule surface
Stronger film form and good 
process ability

Figure 3: Resistant starch applications and quality effects in some food products.

15 𝜇m

(a)

15 𝜇m

(b)

15 𝜇m

(c)

Figure 4: Confocal laser scanning microscopy micrographs showing the integrity of microencapsulated LGG formulations containing (a)
WPI, (b) 1WPI:1RS, and (c) RS dispersed in apple juice. The micrographs were taken 24 hours after dispersion of the microencapsulated
LGG [24].
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material has relatively low physical properties and material
costs, which tend to exclude other biodegradable polymers
from being widely accepted on the market.

Tangsongcharoen et al. studied the preparation of
cellulose-based microcapsules having as active agent gallic
acid (GA), which is an important antioxidant of the

ICCAS LEI 5.0 kV X5,000 1 𝜇m WD 8.2 mm

(a)

ICCAS LEI 5.0 kV X5,000 1 𝜇m WD 8.1 mm

(b)

Figure 5: SEM micrographs of starch microcapsules prepared with (a) DCM and (b) EA [27].
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Figure 6: Optical micrographs of both alginate and alginate + Hi −maize (AHM) microparticles (a) alginate microparticle. Label 1 indicates
sodium alginate inside the particle, and label 2 indicates the microorganism within the particle (100× magnification); (b) AHM
microparticles, in which label 1 shows the sodium alginate in the interior of the particle, and label 2 shows the prebiotic Hi-maize (60×).
Pictures are representative of triplicates [23].

CMS/XG
CMS/XG-ANS

CMS-ANS
CMS

XG ANS

100

90

80

70

60

50
50 100 1500 200 250 300

Temperature (°C)

W
ei

gh
t r

en
te

nt
io

n 
(%

)

(a)

CMS/XG
CMS/XG-ANS

CMS-ANS
CMS

XG ANS

50 100 1500 200 250 300
Temperature (°C)

D
er

iv
at

iv
e w

ei
gh

t c
ha

ng
e (

%
/m

in
)

0.000

−0.004

−0.008

−0.012

−0.016

(b)

Figure 7: In vitro release kinetics of anthocyanins from (a) CMS-ANS, (b) CMS/XG(150/1)-ANS, (c) CMS/XG(120/1)-ANS, (d) CMS/
XG(90/1)-ANS, (e) CMS/XG(60/1)-ANS, and (f) CMS/XG(30/1)-ANS under stimulated gastric (a) and intestinal (b) conditions [28].
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bambara groundnut extract [29]. GA was used as a core
material, and carboxymethylcellulose (CMC) was used as a
shell. CMC was modified with 3-(trimethoxysilyl)propyl
methacrylate (MPS) as a silane coupling agent in order to
obtain a high encapsulation efficiency. It was further poly-
merized with methacrylic acid (MAA) monomer forming a
biocompatible polymer shell with grafted PMAA-CMC (m-
CMC-g-PMAA). After polymerization, spherical microcap-
sules of m-CMC-g-PMAA encapsulating GA were formed.
An enhancement of the encapsulation efficiency was
observed with the increase of MAA content. This increase
could be due to the increased hydrophilicity of the aqueous
phase. Regarding the rapid release and noncytotoxic charac-
teristics, it was found that microcapsules with a weight ratio
m-CMC:MAA of 33 : 67 showed greater encapsulation effi-
ciency (Figure 9), thus, being suitable for use in cosmetic
products.

Chen et al. developed an ecological approach to multi-
functional water-based fabric coatings using ethyl cellulose/
silica hybrid microcapsules [30]. Through a diffusion of sol-
vent in emulsion, ethyl cellulose/silica hybrid microcapsules
were obtained, having encapsulated lavender fragrance oil
(LFO). These microcapsules have a 30μm diameter core-
shell structure, UV absorbers, and silica grafted with
methacrylic acid into the shell. These hybrid microcapsules
were posteriorly added to water-based polysiloxane resins to
form multifunctional fabric coatings. Through Figure 10, it
can be seen that the residual amount of lavender fragrance
oil (LFO) in the fabric treated with pure LFO is still high at
the beginning. However, the residual rate of LFO decreased
markedly after five days, while the LFO in the fabrics disap-
peared after fifteen days. Compared to fabrics treated with
pure LFO, fabrics treated with control microcapsules with lav-

ender fragrance oil (LFO-CM) and fabrics treated with cellu-
lose/silica hybrid microcapsules with lavender fragrance oil
(LFO-CSHM) can sustain fragrances for a long-time, with
the residual rate of LFO in the LFO-CSHM treated fabrics
remained above 30% after 90 days. This fact is due to the slow
release of the lavender fragrance oil in the capsules. The appli-
cation of this fabric coating can be used on sportswear, cur-
tains, and other outdoor fabrics.

Simões et al. used the solvent evaporation method to
produce microspheres loaded with eugenol using different
cellulose derivatives (ethyl cellulose (EC), cellulose acetate
(CA), cellulose acetate butyrate (CAB), and cellulose acetate
phthalate (CAP)), which were later incorporated into the
textile industry [31]. Through various characterization
methods, the resulting microspheres were evaluated for their
shape, size, temperature stability, encapsulation efficiency,
and kinetic release of eugenol. The obtained results suggest
that microspheres based on AC performed better, thus lead-
ing to microspheres loaded with eugenol to be successfully
incorporated into cotton fabrics. It was concluded that these
microspheres showed promising results for the retention
and protection of hydrophobic active compounds for possi-
ble textile applications.

Simões et al. used SEM to study the eugenol-loaded
microspheres morphology, and the produced micrographs
clearly show that CA and CAB microspheres (Figures 11(a)
and 11(b)) are smaller in relation to the other two samples
(CAP and EC). Furthermore, it can be observed that micro-
spheres of CA are slightly smaller compared to microspheres
of CAB, proving to be quite homogeneous in size and shape.
In the case of the microspheres of EC and CAP, these exhibit
a much larger size, with a wider size distribution
(Figures 11(c) and 11(d)). Through this characterization, it
was verified that the produced microcapsules are spherical
with smooth surfaces, except for particles based on EC that
present surface irregularities (pores and/or holes), in addi-
tion to less sphericity (Figure 11(d)).

The control release ability of cellulose-derived micro-
spheres was assessed using eugenol release profiles. As
shown in Figure 12, EC-based microspheres are the ones
with the fastest eugenol release rate, followed by CAP,
CAB, and CA microspheres. A result that proved to be inter-
esting is that the maximum percentage of eugenol release is
dependent on the cellulose derivative used in the microen-
capsulation, and it can vary, over 63 days, from 35% for
the CA microspheres to 80% for the case of the EC
microspheres.

Comparing encapsulation efficiency values in Table 1
with release profiles in Figure 12, it can be concluded that,
although EC-based microcapsules retain less eugenol, this
material exhibits a faster release rate, which is probably
favored by the surface porosity (Figure 11(d)). However,
these EC microspheres and CAP microspheres were
excluded due to their size and release capacity. Through
the analysis of the obtained results, CA microspheres reveal
a greater encapsulation efficiency and a slower eugenol
release profile (Table 1). To summarize the results described
above, CA microspheres incorporating eugenol proved not
only to have a uniform size distribution but also the highest
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Figure 8: Chemical structure of cellulose.
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Figure 9: In vitro release of the GA encapsulated within m-CMC-
g-PMAA microcapsules in PBS of pH 5.5 [29].
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encapsulation efficiency, as well as the best controlled release
capacity.

Cellulose acetate is a cellulose derivative suitable for
microencapsulation of essential oils, through simple
methods such as solvent evaporation. In our opinion, this
study shows promising results in the retention and protec-
tion of eugenol and its subsequent textile application. The
work carried by Simões et al. is quite complete, encompass-
ing the evaluation of different production volumes (100-
2000mL), through various parameters, such as particle size,
surface charge, encapsulation efficiency, and performance in
the release of active compound. In addition, the authors suc-
cessfully impregnated cellulose acetate microspheres in tex-

tile substrates, proving that the developed microspheres are
suitable for textile functionalization.

(3) Chitin and Chitosan. Chitin (Figure 13) is a macromole-
cule found in several types of seafood, such as crabs, lobsters,
shrimp, and insects. It is insoluble in its native form, but sol-
uble in water in the partially deacetylated form. By using chi-
tin and chitosan as carriers, it was possible to synthesize a
water-soluble prodrug [32].

A study on the use of chitin in absorbable sutures
showed that chitins have the least elongation among the
suture materials made up of chitin, poly(glycolic acid)
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Figure 10: Control release of (a) LFO from LFO-treated, LFO-CM-treated (40%LFO − CM+ polysiloxane resins) and LFO-CSHM-treated
(40%LFO − CSHM+ polysiloxane resins) cotton fabrics. (b) LFO from LFO-treated (40%LFO − CM+ polysiloxane resins) and LFO-CSHM-
treated (40%LFO − CSHM+ polysiloxane resins) cotton fabrics after repeated laundering [30].
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Figure 11: FE-SEM images of the eugenol-loaded CA (a), CAB (b), CAP (c), and EC (d) microspheres produced at smaller scale (1500×
magnification) [31].
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(PGA), among others [33]. Its derivatives can also be used as
drug carriers [34].

Through the deacetylation of chitin (Figure 14), a cat-
ionic polysaccharide is produced, named chitosan, whose
chemical structure is presented in Figure 15.

Chitosan has excellent properties, which facilitate inter-
action with the human body, revealing a variety of applica-
tions in the field of biomaterials [35]. It has also been
tested for applications such as contact lenses, tissue adhe-
sion, and prevention of bacterial adhesion, sutures, and
others [36]. Chitosan and chitin have been used in the treat-
ment of wounds, ulcers, and burns due to its accelerating
effect of wound healing. Due to its affinity and cellular bio-
degradability, it has been applied in tissue regeneration and
restoration, including its use in perspective as a structural
material in tissue engineering.

Regarding its sensitivity to pH, a drug delivery system
consisting of a hybrid network of chitosan/gelatin cross-
linked with glutaraldehyde was developed [37]. Chitosan/
xanthan microspheres have also been prepared to confer a
protective effect to the medication in the gastric and intesti-
nal parts of body [38]. In another work, chitosan/carboxy-
methyl cellulose (CH/CMC) microcapsules of different
compositions were prepared and tested as a protective
matrix against the acidic pH of the stomach, for oral admin-
istration of proteins and drugs [39].

Another field where chitin and chitosan can be used is in
agriculture. This application has followed four main direc-
tions, namely,

(a) Protection of plants against plagues and diseases
during preharvest and postharvest

(b) Promoting of antagonist microorganism action and
biological control

(c) Support of beneficial plant-microorganism symbi-
otic relationships

(d) Plant growth regulation and development

Chitin and its derivatives have been used to induce
defensive mechanisms in plants, providing protection
against many plant diseases [40]. Chitin and chitosan have

fungicidal activity against many phytopathogenic fungi,
and chitosan also has antiviral and antibacterial activity
[41]. In one case, chitin was added to the soil in order to
destroy the eggs and cuticles of young nematodes that have
chitin in their composition, resulting from the induced
increase in the population of microorganisms [42]. It has
been studied that covering fruits and vegetables with a chito-
san film gives an antimicrobial protection and a longer shelf
life [43].

By using an oil-in-water (o/w) emulsion, Hsieh et al. pre-
pared chitosan microcapsules for the encapsulation of citro-
nella oil, where it was verified the condition of
microcapsule’s formation and the influence for controlled
release effect of citronella oil, through the application of
thermal pretreatment [44]. From the study of microcapsule’s
formation, it was realized that changes in concentration of
chitosan affect the efficiency of citronella oil encapsulation.
Furthermore, when concentrations of chitosan are 0.5%,
1.0%, and 1.5%, the efficiencies of encapsulation are 98.2%,
95.8%, and 94.7%, respectively. As the emulsification agita-
tion speed is increased, the size of chitosan microcapsules
decreases.

In Figure 16, it can be observed chitosan microcapsules
with concentrations of 0.5wt%, 1wt%, and 1.5wt% and their
ability to release encapsulated citronella oil. From this figure,
it can be seen that the release of encapsulated citronella oil is
slower than non-encapsulated citronella oil. Additionally,
for a higher concentration of chitosan, a slower release of
oil is registered. This fact can be explained because the
higher the concentration of chitosan, the thicker is the
microcapsule membrane wall and, consequently, the smaller
is the pore space between chitosan molecules, making it
harder for citronella oil to be released from these
microcapsules.

The effect of the size of these microcapsules on the oil
release was studied when using 0.5wt% chitosan, adding
1.0wt% NaOH, and changing the agitation speed. From
Figure 17, it was found that by increasing the emulsion stir-
ring speed, microcapsules with smaller sizes are produced,
and the release rate of citronella oil is increased.

In a recent study, Mu et al. developed a simple and flex-
ible method for obtaining chitosan microcapsules with
structures and functions that can be controlled via the inter-
facial cross-linking reaction of water-in-oil (w/o) emulsion
models [45]. The size and thickness of microcapsule wall
were studied, and it was verified that both are affected by
the preparation condition. However, changes in size and
wall thickness of chitosan microcapsules prepared under
continuous conditions are much faster than those prepared
in batches. The microcapsule release behaviour was also
studied. It was concluded that this work provides valuable
guidance for favourable control in the manufacture of chito-
san microcapsules with structures and functions designed
using emulsion models.

The controlled release behaviour of fluorescein isothio-
cyanate- (FITC-) dextran as a drug model for chitosan
microcapsules with varying shell thickness is shown in
Figure 18. A dynamic dialysis method was used to determine
the drug release behaviour, in order to study the influence of
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microcapsule structure on its release performance. The drug
release is achieved by simple diffusion conducted in the con-
centration gradient, without rupture of the microcapsule
structure.

The microcapsule release profiles exhibit a similar trend
and fit a first-order kinetic model, being the cumulative
release ratios of FITC-dextran from microcapsules with rel-
ative shell thickness of 18.8, 24.7, and 43.3%, respectively,
91.0, 89.9, and 84.2% in 90 minutes. It is possible to deter-
mine the release rate through the difference in concentra-
tions between the inside and outside of microcapsule. This
causes microcapsules with different relative shell thicknesses
to show different release rates. It can be seen in Figure 18(b)
that cross-linked microcapsules showed a relatively smaller
thickness. Consequently, this material had a greater capacity
of drug loading and exhibited a faster initial release rate. In
conclusion, these results demonstrate that drug loading
capacity and its release behaviour can be controlled by tai-
loring the relative thickness of microcapsule shell.

(4) Alginate. Alginate (Figure 19) is a natural biopolymer
synthesized from algae and microorganisms that are present
in cell walls and in cell capsules of some bacteria. It forms
water-soluble salts and low molecular weight amines. Algi-
nate has been studied to form gels after the introduction of
counterions. Its cross-linking degree depends on several fac-
tors, such as pH, counterion, and functional charge density
[46–51]. These gels have been used in controlled drug deliv-
ery systems and to encapsulate several herbicides, microor-
ganisms, and cells [52–57].

The biocompatibility of alginate is a key factor for the
administration of drugs. Alginates have contaminants that
can induce toxic immunogenic responses in the body
[58–62]. Through reactions catalysed by acids or alkalis,
thermal depolymerization, or by polymer modification, algi-
nate degradation occurs as a result of cleavage of glycosidic
bonds. The mannuronic acid-rich (M-rich) alginates are
more susceptible to acid and thermal degradation than the
guluronic acid-rich (G-rich) alginates [63].Alginases are

enzymes present in alginates, which makes them suscepti-
ble to biodegradation. These enzymes are present in sea-
weed, marine molluscs, and microorganisms and work at
neutral pH [64]. Another characteristic of alginate is that
it is one of the biomaterials responsible for the delivery
of bioactive molecules, proteins, genes, and other
drugs [65].

There are several strategies in administration of drugs
that can be illustrated using polysaccharide-based systems.
Specific transport of drugs to the desired location represents
a huge field of research. The two main objectives of microen-
capsulation for drug administration are

(a) Safe transport of active molecule to the target site

(b) Minimal impact on the biological system of host

Alginate has become a more popular biomaterial in
microencapsulation due to its high biocompatibility and
low cytotoxicity [66]. Zhao et al. prepared mechanically
resistant alginate microcapsules with the purpose to encap-
sulate and protect bacteria (Lactobacillus plantarum ST-III)
from lactic acid (LA) [67]. By controlling the viscosity and
gelation capacity of alginate solution, a series of microcap-
sules were prepared with same particle size and variable
mechanical strength. These microcapsules were character-
ized by optical microscopy (Figure 20), showing that pro-
jected microcapsules have spherical shape, with negligible
aggregation or agglomeration.

Diel et al. produced alginate microcapsules by electro-
static extrusion technique containing baby hamster kidney
(BHK) recombinant cells that overexpress α-L-iduronidase
(IDUA) [68]. The optimization study was carried out
through an experimental Box-Behnken project that allowed
simultaneous assessment of influence of tension, alginate/
cell suspension flow, and alginate concentration in IDUA
size and activity. This study presents an alternative for the
treatment of mucopolysaccharidosis type I (MPS I), which
is an autosomal recessive disease caused by IDUA deficiency,
and results in lysosomal accumulation of glycosaminogly-
cans (GAG), which lead to generalized clinical manifesta-
tions (Figure 21).

Sun et al. developed microcapsules of sodium alginate
and pectin as a matrix to encapsulate the antimicrobial agent
carvacrol using a spray drying method [69]. Physical proper-
ties, microstructure, encapsulation efficiency, and stability of
microcapsules were evaluated, as well as antimicrobial activ-
ity and antioxidant capacity of the products. SEM results
revealed little evidence of roughness or cracking in the

Table 1: Size, surface charge potential (ξ), and efficiency of encapsulation (EE) of the eugenol-loaded CA, CAB, CAP, and EC microspheres,
adapted from [31].

Sample d10 (μm) d50 (μm) d90 (μm) Mode (μm) ξ (mV) EE (%)

CA 0:54 ± 0:02 1:21 ± 0:01 4:87 ± 0:02 1.26 −28 ± 1 34:7 ± 0:1

CAB 0:98 ± 0:01 2:85 ± 0:01 7:22 ± 0:02 2.19 −29 ± 1 24:6 ± 0:2

CAP 8 ± 1 20 ± 1 30 ± 4 19.95 −30 ± 1 31:4 ± 0:1

EC 3 ± 1 12 ± 1 29 ± 1 11.48 −32 ± 1 18:5 ± 0:3
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Figure 13: Chemical structure of chitin.
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microcapsules, which suggests a high stability of encapsu-
lated carvacrol. It was also observed that the resulting micro-
capsules possess a well-defined spherical shape with regular
particle sizes. The results of this study also indicated a high
encapsulation efficiency (76.98%) and stability. Further-
more, the results suggested that microencapsulation did
not significantly affect antimicrobial activity against Escheri-
chia coli and antioxidant activity of carvacrol. This work
allowed to achieve a stable release of carvacrol suggesting

that it may be potentially used as a controlled release decon-
taminator in food processing and nutraceutical industries
(Figure 22).

The authors of this review highlight the feasibility of
applying this microencapsulation system to the carvacrol
encapsulation. The research presents several study variables
that successfully prove the encapsulation of this phenolic
compound, such as the efficiency of microencapsulation, sta-
bility, microstructure, and the study of maintenance of anti-
microbial and antioxidant properties of carvacrol. It should
be noted that this matrix of microcapsules with peptin/
sodium alginate could be used to encapsulate other sub-
stances, considering its applicability and compatibility when
used in processed foods, dairy products, or nutraceutical
items. Microcapsules formed by pectin and alginate are
therefore a promising option for application in the food
and pharmaceutical sector. The pectin-alginate matrix is
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Figure 14: Extraction procedures for chitin and chitosan.
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Figure 16: Time courses of oil release from microcapsules at
different concentrations of chitosan. The symbols (black circle),
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relatively inexpensive and, mainly, nontoxic and biocompat-
ible. Several essential oils with antimicrobial and antioxidant
activity important for food and pharmaceutical products are
not used due to their high volatility and low solubility in
water, which can be overcome by using this matrix in the
microencapsulation system.

2.1.2. Protein-Based Polymers. Proteins are generally used in
the natural form in the environment, since in most cases they
are not soluble or bonded without degradation. Proteins are
copolymers with arrangements of different types of amino
acids, making their biosynthesis a complex process that involves
different types of enzymes. The enzymatic degradation of pro-
tein, using proteases, is an amide hydrolysis reaction.

(1) Gelatin. Gelatin (Figure 23) is an animal protein that
consists of 19 amino acids linked by peptide bonds, being
hydrolysed by several proteolytic enzymes to produce amino
acids [70]. Considering that it is a biodegradable and water-
soluble polymer, gelatin is used in distinct industrial fields,
like coatings, microencapsulation [16, 71–76], and in prepa-
ration of biodegradable hydrogels [77–80].

Gelatin can be produced from the skins of cold and hot
water fish species, birds, hides, skins, and bones from mam-
mals (pigs and cattle). What these products have in common
is that they all contain collagen. Gelatin manufacturing pro-
cess consists of cleaning the tissues, followed by pretreatments,
gelatin extraction, filtration/purification/sterilization, drying
and, finally, grinding. The collagen monomer (tropocollagen)
is a triple helical stem composed of three parallel α-chains.

This protein is insoluble in water, but in small fractions, it is
soluble in dilute acid or base. With the aging processes that
occur in mammals, a decrease in collagen solubility will occur,
which is due to an increasing number of covalent bonds that
are formed in tissue after aging.

From several scientific studies, scientists have shown that
thermal stability of collagen is related to content of pyrrol-
idine [81–85], and this content is one of main factors that
determine the physical properties of gelatin. Some important
properties related to gelatin gelation process are gel forma-
tion, texture, thickening, and binding to water.

Gelatin has been used to encapsulate different food ingre-
dients through three technologies (spray drying, gelation, and
coacervation) due to its chemical and physical properties.

(a) Spray drying

For the encapsulation of food ingredients, spray drying is
the most common method. Gelatin microcapsules are good
carriers of food ingredients due to their emulsifying proper-
ties. Regarding lipophilic food ingredients, these are usually
emulsified before being encapsulated. This is the most suit-
able for microencapsulation in the spray drying process
due to its film forming properties [86, 87].

In spray drying microencapsulation (Figure 24), gelatin
is used with hydrocarbon compounds [88], and sucrose is
used as a plasticizer, which was believed to promote the for-
mation of spherical and smooth surface microcapsules [89].

(b) Gelation

The gelation properties of gelatin make this polymer the
most used in microencapsulation. Gelatin gels show high
permeability and dissolve in hot conditions, making differ-
ent approaches for food ingredients encapsulation. There
are two other ways to use gelatin gel. One that incorporates
main materials into the gelatin solution and induces gelation
and gel cross-link [91–94] or, alternatively, to prepare
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Figure 18: Cumulative release curves (a) and release rate curves (b) of FITC-dextran-loaded chitosan microcapsules with different
thicknesses at room temperature [45].
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gelatin microspheres and then load them with food ingredi-
ents. In the preparation of gelatin microspheres, it is neces-
sary to use gelatin-induced phase separation [95, 96].
Iwanaga et al. prepared gelatin microspheres using the
water-in-water (w/w) emulsion technique, and the results
showed that gelatin microspheres could be loaded with
ingredients by diffusion [95, 97–99].

(c) Coacervation

With an insoluble layer of protein around fine droplets
of core material, the formation of microcapsules by proteins
may be possible through the simple or complex coacervation
technique. In simple coacervation, compounds with high
affinity for water are added; while in complex coacervation,
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Figure 20: Optical micrographs of alginate microcapsules produced with different procedures, diameter, span factor, and mechanical
strength [67].
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a protein-rich layer is formed around the core material by
interaction with polymers of opposite charges [100]. As gelatin
has been used in complex coacervation with different polya-
nions, several groups of researchers have encapsulated various
food ingredients. Microencapsulation of vitamin A palmitate
by gelatin-acacia [101] and microencapsulation of lycopene
by gelatin–pectin [102] are examples of this technique.

These coacervation processes (Figure 25) can be con-
trolled by pH, polymer concentration, and stirring rate
[103]. Nakagawa and Nagao developed a study using the
freezing process to control the coacervation of gelatin com-
plex [104]. Another aspect to be considered in the coacerva-
tion process is the use of surfactants, being used manly
sodium dodecyl sulphate (SDS) [100, 105, 106].
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Figure 21: Schematic illustration of the fabrication of alginate microcapsules and in vivo and in vitro characterization [68].
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Figure 22: (left) SEM micrograph of carvacrol in pectin-alginate matrix microcapsules (3000× magnification) and (right) release of
carvacrol from pectin-alginate microcapsules in potassium phosphate buffer solution (PBS, pH = 7:4) at 37°C [69].

H
N C

H
C
CH3

CH2 CH2
CH2CH2

CH2

NH

O
C C

C C CC

H

O

O OO

N

C = NH2
NH2

H

C = O

N

C

C

C
O

O

O

O

O

H

OH

+
−

H H
C
H

C
H

C
H

C
H

N
H
N

H
N

H
N

H
N

Figure 23: Representative gelatin structure; Ala-Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-Pro.

13Advances in Polymer Technology



To improve the retention of drugs in nasal cavity and the
resulting pharmacokinetic profile, the use of mucoadhesive
microparticles has become essential. Lim et al. studied and
compared several types of microspheres with potentially
mucoadhesive properties, prepared by solvent evaporation
(Figure 26), composed of hyaluronic acid (HA), chitosan
glutamate (CH), and a combination of the two with HA
microcapsules and gelatin prepared by complex coacerva-
tion (Figure 27) [107]. In vitro release profiles of micro-
sphere formulations prepared by solvent evaporation were
determined.

In Figure 28, it is shown the percentage of gentamicin
released from microsphere formulations determined by fluo-
rescence polarisation immunoassay (FPIA). The release of
gentamicin sulphate was not complete from microspheres
within 5 hours, but most of microspheres had dissolved

within 1 hour, and some remnants were still appeared after
5 hours. During solvent evaporation process, some denatur-
ation may have occurred as the polymers used are all soluble
in their native state. For this reason, it is possible that genta-
micin sulphate with a positive charge is associated with the
traces of microspheres, limiting its release in solution. This
work showed that HA and HA/CH have a longer release,
causing the release rate to be divided into an initial phase
and a terminal phase.

In order to improve the appeal of frozen roasted foods
during heating, Yeo et al. encapsulated flavour oil inside of
gelatin and arabic gum microcapsules using complex coacer-
vation method [108]. The release of oil from the formula-
tions was determined by a simple spectroscopic method,
based on the separation of oil marked with a lipophilic dye
from unaffected particles (Figure 29). Almost of all

Core material

Wall material

Homegenizer

Emulsion

Spraying nozzle

Spray

Microparticle

Hot air

Figure 24: Schematic representation of the microencapsulation process by spray drying [90].

Figure 25: Example of complex coacervation involving (i) emulsification of oil in an aqueous solution containing two different polymers, (ii)
initial coacervation of polymers after lowering the solution pH below the isoelectric point of protein, (iii) deposition of the polymers on the
surface of the oil, and (iv) wall hardening by addition of a cross-linking agent. [90].
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encapsulated oil was released when microcapsules were
heated to 100°C or above. The remaining encapsulated oil
was maintained in storage for 4 weeks at 4°C and -20°C,
but was released upon exposure to 100mM NaCl at room
temperature. When these particles were cooled after the
release of their oil content, the oil was re-encapsulated.

To find out if the previous microencapsulation system
could be recycled, this work by Yeo et al. included the study
of particles that were heated and then cooled in an ice bath.
Through optical microscopy, it was observed that gelatin and
arabic gum microcapsule walls that were previously destroyed
by heating were reformed after cooling (Figure 30). Due to the
increase in the number of encapsulated oil droplets, there was
a marked increase in the size of capsule (Figure 30(a) versus
Figure 30(b)). In Figure 30(b) is shown that the particles were

formed when well-suspended particles were heated and then
cooled. The same phenomena happened when particles were
aggregated by sedimentation before heating (Figures 30(c)
and 30(d)). This condition can be a more accurate reflection
of what can occur in a food product.

Analysing this study, the materials used for microcap-
sules, arabic gum, and gelatin are indicated for food applica-
tion due to their chemical nature (nontoxic and
nonirritable), their availability in food grade, and the fact
that solubility is dependent on temperature, due to gelatin.
In addition, developed microcapsules do not require exhaus-
tive purification processes. However, some of the developed
formulations show a significant aggregation of microcap-
sules. Despite not having a considerable impact for the men-
tioned application, these formulations can be improved

Gentamicin
sulphate (100 mg)

Aqueous phase
added dropwise

Polymer solution

Aqueous phase Oil phase Oil phase

100 g mineral oil+
1% span 80

5 mL HA 5 mL CH

3000 rpm

After the aqueous phase had been
removed, the micropheres were
separated from the oil phase by
centrifugation, washed several times with
hexane to remove excess oil, filtered and
freeze dried.

The dispersed aqueous
phase was completely
evaporated by maintaining
the temperature at 40°C for
12 h.

Figure 26: Schematic representation of water-in-oil (w/o) emulsification solvent evaporation technique [107].

A specific ratio of each
polymer solution giving a total
polymer solution volume of 200
ml was mixed in a 500 ml beaker

1. The pH of the solution was
then reduced using 0.1 M HCl
to a point when coacervation
occurred (pH 3.6)

The primary coacervating
polymer solutions were
prepared by hydrating
separately in distilled
water for 12 h at 40°C Mechanical stirrer at

300 rmp for 5 min
2. Viewing samples of the
mixture under a light
microscope

The coacervate was allowed to
equilibrate for 30 min and at
40°C

10 ml of glutaraldehyde

The coacervate
suspensions were then
cooled in an ice bath with
stirring to harden the
microcapsules

Stirred for a further 30
min in the ice bath

1. The coacervate suspension was then
centrifuged at 1000 rpm for 10 min.
2. The microcapsules were subjected to
washings with cold distilled water, centrifuged
at 1000 rmp fore 5 min and the supernatant
discarded.

3. The washing procedure was repeated with
a series of cold isopropyl alcohol solutions, at
concentratoions of 50, 75 and 100% in water,
after which recovered microcapsules were
freezed dried. 

Figure 27: Schematic representation of the HA/gelatin and acacia/gelatin microcapsules using a complex coacervation method [107].
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through the optimization of experimental parameters during
production, allowing its use in other applications. Further-
more, it would be interesting to test the use of other acids
(such as citric acid) to avoid adding flavour effects. It would
also be important to change the method for determining the
encapsulation efficiency and release behaviour of encapsu-
lated oils. This change would allow to distinguish between
release due to particle rupture and release by diffusion
through the hydrophilic particle shell in components with
high water solubility.

Liu et al. obtained microcapsules of chitosan-gelatin
soaked in patchouli oil that were prepared by complex
method of copreservation (Figure 31) [109]. The surface

and morphology of microcapsules were characterized by
SEM, and it was verified that the microcapsules have a regu-
lar spherical shape and diameters in the range of 1 to 20μm.
Regarding thermal stability, microcapsules remained stable
below 190°C, which indicates that fabric can be finished at
160°C. Finally, encapsulation efficiency and load capacity
of microcapsules were calculated at 50.69% and 30.31%,
respectively.

Figure 32 shows the results of surface morphology of
microcapsules using different emulsification methods.
Figures 32(a) and 32(b) have different emulsification
methods but both show similar morphology, spherical and
rough, due to dehydration during the freeze-drying process.
However, the microcapsules of Figure 32(b) show better uni-
formity and dispersion and no aggregation. This can be
related with the more uniformity and homogeneous shear
emulsification forces. Figure 32(c) shows some dimples and
fragments when compared with Figure 32(d). Finally, com-
paring the particle size of microcapsules by SEM and by
dynamic laser scattering (DLS), the latter was slightly larger,
showing that the microcapsule wall materials are hydrophilic
polymers and have a strong swelling in water.

Fraj et al. produced microcapsules for simultaneous
encapsulation of hydrophilic and lipophilic active substances
[110]. As hydrophilic and lipophilic compounds, vitamins C
and E were used, using the double emulsification process,
followed by complex coacervation of two polymers, gelatin
and sodium caseinate (NaCAS). According to the character-
ization of microcapsules, such as surface morphology
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Figure 28: Release profiles of gentamicin sulphate from microsphere formulations: (⯁) CH; (■) HA/CH; (▲) HA; (—) gentamicin/lactose;
mean ± S:D: (n = 6) [107].
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Figure 29: Schematic of the measuring of released bake flavour
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(Figure 33), encapsulation efficiency and vitamin C release
kinetics, showed that through the concentration of genipin
and interaction in the gelatin/NaCAS system, the properties
of microcapsules were influenced.

According to the encapsulation efficiency (EE) results,
these showed that EE was significantly higher for vitamin
C compared to vitamin E (Figure 34). This system for micro-
encapsulation of lipophilic thermolabile compounds
requires adjustment of conditions in the production, such
as the use of freeze-drying processes instead of spray drying.

Araújo et al. developed microspheres of sweet orange
essential oil using gelatin and maltodextrin as a polymeric
wall, through emulsification/lyophilization [111]. In this
study, the characterization of microspheres was performed
in terms of yield, efficiency of microencapsulation, ultra-
structural aspects, thermal analysis, infrared spectroscopy,

and water activity. In order to assess bioactivity, the total
phenolic content and antioxidant and antibacterial activity
were studied.

The results demonstrated a high yield and efficiency of
encapsulation, improvement of thermal stability, and main-
tenance of antibacterial and antioxidant properties of sweet
orange essential oil. The presence of gelatin in the walls of
the microcapsules positively influenced the properties of
active agent, mainly its thermo-oxidative capacity. SEM
micrographs (Figure 35) reveal that the maltodextrin walls
have a smooth, pore-free, and sealed structure, and the gela-
tin walls have superficial pores that can be attributed to their
hygroscopic characteristics. All samples have irregular
microspheres, which can be attributed to the use of freeze
drying as a drying method.

The microencapsulation systems developed in this study
promoted a high stability of sweet orange essential oil, which
is advantageous to protect against environmental factors and
prolonged storage time.

2.2. Synthetic Polymers

2.2.1. Hydrolysable Polymers. As previously mentioned, there
are natural polymers that can be harvested directly from
nature. But, at the same time, there are polymers that are
not available in nature, albeit can be produced with human
intervention from natural sources.

A variety of biodegradable and biocompatible polymers
are synthesized by chemical methods. Esters, anhydrides,
and amides are the most common compounds, and the weak
hydrolysable bonds that form the backbone of synthetic bio-
polymers is the main cause of biodegradability [112].
Decomposition can occur chemically or enzymatically in

100 𝜇m

(a)

100 𝜇m

(b)

1000 𝜇m

(c)

100 𝜇m

(d)

Figure 30: Recoacervation of heated microcapsules upon cooling [108].
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Figure 31: Schematic representation of the chitosan-gelatin
microcapsules and crosslinking method [109].
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its monomer units. Therefore, hydrolysable polymers can be
biologically acceptable by the human body, which is essential
for biomedical applications. Figure 36 shows the structures
for some hydrolysable polymers.

(1) Polyesters. Polyesters are naturally occurring polymers
that contain the functional ester group in their main chain.
These polymers are biodegradable and there are also some
synthetic polymers that can also be. However, most of syn-
thetic polymers are not biodegradable.

The biodegradability of aliphatic polyesters is ascribed to
an extremely hydrolysable backbone. For synthetic polyes-
ters to be biodegradable, their polymeric chain must fit into
the active enzyme site. This is one of the reasons why flexible
aliphatic polyesters are degradable and rigid aromatic poly-
esters are not [113, 114]. The two most used polyesters are
poly (glycolic acid) and poly (lactic acid). Regarding its
application, the polyesters are normally used in clothing.

Yu and Zhu introduced a new and easy route to manu-
facture polyester microcapsules [115]. The droplets of
chloroform emulsion in water containing polyesters
(poly(methyl methacrylate) (PMMA), poly(lactic acid)
(PLA), or poly(lactic-co-glycolic acid) (PLGA)) self-
emulsify in double emulsions simply by adding sodium
dioctyl sulfosuccinate (Aerosol OT) to the chloroform.
Microcapsules with controlled sizes and morphologies
were obtained, and the wall thickness of the capsules was
adjusted by varying the initial concentration of Aerosol
OT or polymer.

Poly-DL-lactide (PDLLA) microcapsules are produced
by means of solvent evaporation from emulsion droplets
containing PDLLA and Aerosol OT. According to fluores-
cence and SEM micrographs, it was visualized that the wall
thickness of the microcapsules is uniform and that the vesi-
cle nature of the microcapsules can be resolved using fluo-
rescence microscopy (Figure 37(a)) and SEM micrographs
(Figure 37(b)). With the variation of the initial concentra-
tion of Aerosol OT or polymer, the wall thickness can be
adjusted and other experimental factors (molecular weight
of the polymer, temperature, and evaporation rate of the sol-
vent) can play important roles in the structure and morphol-
ogy of microcapsules.

The active agent (Congo Red) is encapsulated during the
formation process and can be released gradually. Through
the release profile from PMMA microcapsules, it can be seen
that it has a release period of 40 hours (Figure 38). With this
method, the authors suggested that microcapsules can be
produced with different polymers for drug delivery and
release applications.

Injectable and biodegradable microspheres of poly(lactic-
co-glycolic acid) (PLGA), which encapsulated a peptide model
based on the luteinizing hormone releasing hormone
(LHRHa) agonist leuprolide, were developed using the spray
drying technique [116]. Several spray drying parameters were
evaluated in order to prepare 1 month-controlled release for-
mulations with a composition similar to the commercial
Lupron Depot® (LD). The microspheres were characterized,
and the long-term release was tested for 9 weeks in PBS +
0:02 v%Tween 80 + 0:02%sodium azide pH7:4 (PBST) at
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Figure 32: SEM micrographs of chitosan–gelatin microcapsules produced by mechanical agitation emulsification (a, c) and shearing
emulsification (b, d) [109].
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37°C (Figure 39). Comparing the microspheres obtained with
the commercial LD microspheres, they presented highly simi-
lar or even improved long-term release profiles, providing via-

ble alternatives for long-acting release (LAR) for LD. These
data indicate that spray drying can be optimized to prepare
PLGA microspheres formulations that are commercially

(a) (b)

(c) (d)

Figure 33: SEM micrographs of microcapsules obtained by cross-linking of gelatin: NaCAS coacervate for a mass ratio of 2 : 1, with
0.2mmol of genipin/g of proteins. Magnification of 1,000× (a); 5,000× (b); 50,000× (c). Microcapsules after active compounds release
(3,000×) (d) [110].
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Figure 34: Effect of genipin concentration on the encapsulation efficiency (EE) of vitamin C and vitamin E in microcapsules [110].
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relevant for the delivery of peptides, including LHRHa and
leuprolide.

(a) Poly(glycolic acid) (PGA)

Poly(glycolic acid) (Figure 40) is the simplest linear ali-
phatic polyester and can be prepared from glycolic acid
through polycondensation or ring-opening polymerization.
Its degree of crystallinity is high, around 45-55%, which
results in water insolubility [117].

As it is degradable, PGA is used as an absorbable thread
and is being evaluated in the biomedical area. However, this
rapid degradation limits its use in other applications.

Ko et al. developed an optimized system of microencap-
sulation of curcumin through γ-Na+-PGA microcapsules,
using the response surface methodology (RSM) [118]. In this

work, the main objective was to increase the efficiency of
encapsulation through the study of the best surfactant for
the process, being studied the effect of concentration of sur-
factant, γ-Na+-PGA, and curcumin concentrations. Finally,
microencapsulation yield, morphology (Figure 41), and
particle-size distribution were evaluated. The results
obtained showed that Span 80 significantly increases the
encapsulation efficiency (EE), and the ideal microencapsula-
tion process is achieved using γ-Na+-PGA 6.05%, curcumin
15.97%, and Span 80 0.61% with a high EE% (74:47 ± 0:20%
). It was concluded that γ-Na+-PGA may be a viable candi-
date for the coating of oil-soluble components, having
potential for application in the food and drug industry.

(b) Poly(lactic acid)

Poly(lactic acid) (PLA; Figure 36) is a biodegradable
polymer that is derived from renewable resources such as
corn starch or sugar cane. Since it is a thermoplastic and
highly resistant polymer, it can be manufactured from
renewable sources to produce articles for use in the packag-
ing field and in the medical device market. To produce high
molecular weight polymers, bacterial fermentation has to
take place. This process consists in the production of lactic
acid, which is converted into the lactide dimer that serves
to remove the water molecule [119–121]. These microcap-
sules were first introduced in 1979 by Beck et al. [122]. In
recent years, several groups of researchers have reported
the preparation of polylactide microcapsules containing dif-
ferent drugs and studied the effects of manufacturing param-
eters on the microcapsule’s characteristics.
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Figure 35: SEM micrographs of the isolated wall materials, maltodextrin (MD) and gelatin (GEL), and sweet orange essential oil
microencapsulated systems (SO1, SO2, and SO3). SO1: contains only MD; SO2: contains MD and GEL at a ratio of 2 : 1; and SO3:
contains MD and GEL at a ratio of 1 : 1 [111].
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Figure 36: Structures of poly(lactic acid) and polycaprolactone.

20 Advances in Polymer Technology



In the study reported by Chronaki et al., microcapsules
of PLA of different molecular weights were created through
solid-state polymerization (SSP), evaluating the efficiency
of this technique as a postencapsulation modification step
[123]. Initially, PLA microcapsules were prepared by double
emulsion-solvent evaporation and then subjected to SSP in a
fixed bed reactor under nitrogen flow, causing postpolymer-
ization reactions in the polymeric walls. In addition, SSP also
served as a postcrystallization step that allowed for greater
crystallinity and melting temperature.

An increase in the molecular weight of microcapsules of
almost 70% and an increase in crystallinity of up to 60%
were obtained. However, the total spherical topology of
microcapsules was not maintained due to the aggregation
of particles. SEM micrographs (Figure 42) showed that the
surface of microcapsules is smooth, which can be attributed
to the emulsification step. In addition, the presence of holes
that could arise due to burst solvent escape during the solid-
ification process is not observed.

In this study, it was concluded that it is possible to
adapt SSP process from the conventional mass polymer
scale to the microcapsule geometry scale in a viable way,
avoiding the disadvantages of conventional encapsulation
step and giving the possibility of producing customized
application products.

(2) Polycaprolactone. Polycaprolactone (PCL; Figure 36) is a
biodegradable polyester that is used in the production of
special polyurethanes and used as an additive to resins, to
improve its processing characteristics and properties for
end use. PCL provides good resistance to water, oil, solvent,
and chlorine to the produced polyurethane.

Several researchers have studied PCL as a substrate for
biodegradation [124–127] and as a matrix in controlled drug
delivery systems [128–130]. It is degraded by the hydrolysis
of its ester bonds under physiological conditions, therefore,
has received a lot of attention for its use as an implantable
biomaterial. A variety of drugs have been encapsulated
within the PCL spheres for controlled release and targeted
drug delivery.

Polyesters derived from alkenediols and alkane-
dicarboxylic acids are easily degraded by biological systems
[131], with some limitations related to their low molecular
weight and poor physical resistance.

There are two methods for synthesizing PCL, namely, by
polycondensation and by ring-opening polymerization
(ROP). In first method, condensation of 6-hydroxyhexanoic
acid takes place under vacuum. The water produced during
the reaction is removed continuously. In caprolactone ROP,
metals, and organometallic catalysts, rare earth metals and
transition metals are used, being stannous octoate the most
widely used chemical catalyst for the polymerization of capro-
lactone [132]. This method is the mainly used, making it pre-
ferred for PCL synthesis.

In 2009, Petitti et al. proposed a controlled release of
polycaprolactone microcapsules in order to keep vancomy-
cin (a glycopeptide antibiotic) at the desired therapeutic
concentration, in the aqueous humour of the eye for a neces-
sary period [133]. A simple in vitro release process (in an
aqueous solution and without degradation of the active prin-
ciple) is considered and through a comparison with the
experimental release data, the diffusivity of vancomycin in
the coating is determined.

In Figure 43, it can be observed that the release curves
predicted for the two approaches are very close, almost
overlapping. Considering the simplest approach of a single
class, the model was applied to the problem of interest
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500 nm
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Figure 37: (a) Fluorescence microscopy and (b) SEM and TEM (inset) micrographs of PDLLA microcapsules labeled with 1wt% Nile Red
relative to polymer. The microcapsules were obtained through evaporation of organic solvent from emulsion droplets containing 5mg/mL
PDLLA and 3mg/mL Aerosol OT [115].
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Figure 38: Plot of release of encapsulated Congo Red from PMMA
microcapsules [115].
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in vivo: the number of microcapsules was evaluated, which
must be present in the ocular solution to guarantee the
desired coverage (concentration greater than 20 g/mL over
a period 48 hours).

Cesari et al. obtained PCL microcapsules with the objec-
tive of encapsulating signal molecules, such as citric acid and
naringin, an organic acid, and a flavonoid. This encapsula-
tion was motivated to maintain the stability and activity of

these signal molecules and to allow slow or controlled
release by a period of time, selected according to the needs
of plants (Figure 44) [134]. This study made it possible to
manufacture intelligent materials for sustainable agricul-
tural practices.

Figure 45 shows the SEM micrographs of polycaprolac-
tone microcapsules obtained with different degrees of mag-
nification. The microcapsules have a spherical shape, a
morphology of the nucleus wall, and no significant aggrega-
tion. However, most of the samples showed some pores in
the surface, being in samples I and J less notorious. Micro-
capsules that were synthesized using the PCL of 30,000Mw
(Figures 45(a), 45(b), 45(k) and 45(l)), are the ones with
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Figure 39: Cumulative release of leuprolide from all formulations of spray-dried microspheres and the Lupron Depot® (LD). Microspheres
were incubated in PBST (pH 7.4) at 37°C. Panels are grouped according to formulations with varied spray drying parameters, including inlet
air temperature (T inlet, a), PLGA concentration (Cfeed, b), airflow in nozzle (AFnozzle, c), ratio between atomization gas flow rate and the
liquid mass flow rate (RatioA/L, d), nozzle size (Snozzle, e), and initial sample temperature (T feed, f). The basic formulation (orange
symbols) and LD are listed in each panel as controls. Symbols represent mean ± S:D (n = 3 [116]).
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Figure 40: PGA chemical structure.
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more pores in the surface, being that it offers less resistance
to the diffusion of water, in comparison with higher PCL of
Mw. When using 45,000Mw PCL (Figures 45(c)–45(f) and
45(m)–45(p)), the microcapsules have a smoother surface
when compared to microcapsules with 80,000Mw PCL
(which have a thicker wall, (Figures 45(g)–45(j) and 45(q)–
45(t)). In Figures 45(l) and 45(p)), the presence of naringin
in crystalline form can be observed.

The cumulative release profile of citric acid and naringin
from the PCL microcapsules to the aqueous medium at dif-
ferent pH values (4, 5, 7) and to Arachis hypogaea RE (pH5)
is represented in Figure 46. As can be seen, the error bars are
small, thus, confirming that the same type of release behav-
iour is obtained for different batches of microcapsules syn-
thesized following the same procedure.

For microcapsules M30(16)C(80) (prepared with lower
molecular weight (Mw) of PCL), it is observed that there is
a rapid release of citric acid after 3 days, being faster at
pH4 and 5. After 15 days, the citric acid content was
released in 100%, both in aqueous solutions and in plant
root exudates (RE) (Figure 46(a)). Furthermore, it was con-
cluded that a thinner shell and surface holes can lead to a
total encapsulated content release. This characteristic can
be observed in the microcapsules obtained for PCL with
30,000Mw. The release of citric acid from M45(16)C(80)
was pH dependent: 93% at pH4 after 18 days, 78% at pH5
after 40 days, and 67% at pH7 after 43 days. When the
microcapsules were placed in root exudate, the release of
citric acid was 35% after 45 days (Figure 46(b)). It can be
seen in Figure 46(c) that with 80,000Mw PCL microcap-
sules, the release of citric acid was 70% at pH4-5 and 28%
at pH7.

Figures 46(d)–46(f) show the naringin release profile of
PCL microcapsules in aqueous solutions with different pH
solutions. The release of naringin from the microcapsules
was considered independent of pH of the medium, not

(a) (b) (c)

Figure 41: SEM micrographs of γ-Na+-PGA (a) raw material (210× magnification), γ-Na+-PGA microencapsulation, (b) (450×
magnification), and (c) (900× magnification) [118].
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Figure 42: Microscopy images for MC4 (a) optical microscopy after washing the PVA (400× magnification), (b) SEM after washing the
PVA (5000× magnification), and (c) SEM without washing the PVA (2300× magnification) [123].
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Figure 43: Release curve of the drug delivered by 1 g of
microcapsules, in 80mL of external solution, perfectly mixed,
where the process of drug degradation is absent. The diamond
symbols represent the experimental data, the dotted line the
release predicted by the model that considers a unique class of
particles characterized by average properties, and the continuous
line the release predicted by the model that uses distinct classes to
represent the particle size distribution [133].
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having been verified for the release of citric acid. Similar to
M30(16)C(80) microcapsules, M30(16)N(5) microcapsules
showed rapid release after 4 days in aqueous solutions with
total release. When placed in RE, naringin release reached
80% after 5 days. On the other hand, M45(16)N(5) showed
a gradual release of naringin over 30 days, being slightly
higher at pH4 and 5 than at pH7. When placed in RE, the
release was 80%, as can be seen for pH7. For
M80(12)N(5), the release of naringin was gradual, slow,
and also independent of the pH of the medium, showing a
release of 32% after 8 days when placed in RE. There is also
a gradual release reaching 67% after 45 days.

In this case, the release of naringin by the microcapsules
depends on the molecular weight of the PCL, being the rea-
son why it was slower and more gradual in the microcap-
sules with a molecular weight of 45.000 and 80.000,
showing a dependence on the morphology of microcapsules
and characteristics in the shell.

(3) Polyamides. Polyamide is a macromolecule with repeated
units linked by amide bonds that can occur naturally and
artificially. Proteins, such as wool and thirst, are considered
natural polyamides, whereas artificial polyamides can be
produced through polymerization, producing materials such
as nylon (Figure 47). These artificial polyamides are nor-
mally used in automotive industry and textiles as sportswear,
due to their high durability and resistance [135].

The biodegradation of polyamides is low, and these
materials can often be considered nondegradable. However,
they can be degraded through enzymes and microorganisms
of low molecular weight [136–140]. The introduction of sub-

stituents such as benzyl, hydroxy, and methyl greatly
improve the biodegradation.

There is a lesser tendency for natural proteins to become
involved in highly ordered morphologies, which makes them
accessible to enzymatic attack, since the natural proteins
rarely contain repeated units. With synthetic polyamides,
this phenomenon is not verified. These polymers have short
and regular repetition units, high symmetries, and strong
hydrogen bond between chains, which result in crystalline
morphologies, limiting accessibility to the enzymatic attack.
However, it has been found that certain polymers with long
repetition chains are degraded at rates similar to synthetic
polyamides [141].

Wang et al. developed “liquid core” polyamide micro-
capsules using an interfacial polymerization between diester
diacid chloride with DETA and a triazine trisamine [142].
The microcapsules formed are stable in a dry or hydropho-
bic environment, allowing a stable controlled release at
pH7.4 and an accelerated release at pH5 and pH10. The
release profile can be controlled by adjusting the amine
cross-linker feed ratio, which controls the degree of cross-
linking in the polymer shell, showing a simple adjustment
mechanism.

The release profile is shown in Figure 48. It is possible to
observe that in the absence of water, regardless of the ratios
of the aqueous monomers, the samples did not show a
noticeable release of dye in toluene. On the other hand, all
microcapsules that were contracted with aqueous buffer
solutions (pH5, 7.4, and 10) released dye in the toluene
phase. This behaviour indicated that exposure to a humid
environment promotes the release of encapsulated dye and
that it is influenced by the pH of the environment. In

W1/O: Citric acid or
naringin aqueous
solution
+ PCL in DCM

W2: Aqueous solution
PVA 2 % W1/O/W2

emulsion
Solvent

evaporation
MCs

Water (input through pores)

Quasi Fickian
diffusion

Fickian
diffusion

Cirtric acid

Naringin
Slow release

(pH responsive)
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PCL 45000 Mw (16% in DCM)

Figure 44: Citric acid and naringin microencapsulation: new strategy for sustainable agriculture [134].
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Figure 45: Continued.
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contrast, in a dry environment, the microcapsules have a sta-
ble behaviour that allows to protect and inhibit the release of
encapsulated dye.

In short, the thin-shell microcapsule formed has ade-
quate protective properties but allows controlled release trig-
gered by pH variations. Furthermore, it permits the
application in a wide range of pH environments, and its
preparation is simple enough to be applied to a larger scale
of production. The response to pH variation, with different
release rates and the ability to retain a volatile core for a long
period of time in a nonpolar or dry environment, makes this
microencapsulation system suitable for several applications.
Some of them are the distribution of pest control agents in
the agricultural sector and alkaline washing process or
release of fragments on moist skin surfaces.

In another study, microcapsules were developed for the
first time with the shell completely constituted by a slightly
cross-linked liquid crystalline polymer. First, Tylkowski
et al. synthesized a new liquid crystalline polyamide, slightly
crosslinked, in which order and conformation could be trig-
gered by external stimuli, such as temperature and light

[143]. Then, microcapsules were prepared with the shell
consisting of a polymer synthesized with different contents
in the core (toluene, naphthalene, or β-carotene). By contin-
uous irradiation with ultraviolet light at 364nm and at room
temperature, it was observed that the polymer underwent E–
Z photoisomerization. Through the morphological analysis,
it was observed that the external surface of microcapsules
seems smooth and dense, while some heterogeneities are
visualized in the internal face. Depending on the encapsu-
lated material, the diameter of microcapsule ranges from
30-120μm. In the SEM micrograph of Figure 49, it is shown
a fractured microcapsule with β-carotene in the core.

β-Carotene release rate was carried out in water and tetra-
hydrofuran (THF), in the presence and absence of UV radia-
tion (at 20°C). The temperature cannot be used to trigger the
release of β-carotene because the microcapsules fractured after
300 minutes at 50°C, due to the internal pressure of microen-
capsulated toluene. In water, the release was greatly influenced
by UV irradiation (Figure 50). While in the absence of UV
irradiation, the release of β-carotene was minimal (plateau
value of about 2.5% after a few minutes), when subjected to
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Figure 45: SEM micrographs of the polycaprolactone microcapsules; the arrow in Figure 44(p) indicates the presence of encapsulated
naringin crystals. The same happens in Figure 44(l) [134].
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continuous irradiation, β-carotene was released quickly and
released in full after 5 minutes. In THF, β-carotene was
released in full after 40 minutes (Figure 51).

Based on these results, it can be concluded that albeit the
study is preliminary, considering that it is the first develop-
ment of microcapsules with shells entirely constituted of
cross-linked liquid crystalline polymer, it has potential.
Through the optimization of conditions such as state of
order of the shell, thermal stability, and structural changes

that occur through UV irradiation, this application of devel-
oped microcapsules has prospects.

(4) Polyurethanes and Polyureas. Polyurethane (PU) is com-
posed of organic units joined by carbamate (urethane)
bonds, with some polyurethanes being thermosetting. This
polymer can be used in buildings insulation, construction,
transportation, packaging, fabrics, footwear, and medical
products [144].

PU is a versatile polymer because its physical and
chemical properties can be widely adapted to meet the
demands of modern technologies. Hence, there are no
defined properties for polyurethanes. The best-known
properties are resistance to extreme temperatures, which
will not cause its degradation, and are good electrical insu-
lators. Regarding the biodegradation properties of polyure-
thanes, they show to be dependent on the prepolymer
(polyisocyanate, polyester, or polyether) [145].

The preparation of polyurethane (Figure 52) is achieved
through condensation and addition reactions. Addition
reaction is done by adding a diisocyanate with a diol [146].
This polymer can be soft (foams) or hard (automotive parts).
The rate of degradation increases with increasing length of
polyester segment, which happens when a series of polyure-
thanes with various molecular weights and aliphatic or
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Figure 46: Percentage of cumulative in vitro release profiles of (a) microcapsules containing citric acid: M30(16)C(80), M45(16)C(80), and
M80(12)C(80); (b) microcapsules containing naringin: M30(16)N(5), M45(16)N(5), and M80(12)N(5), under different pH solutions. The
release values displayed in the graphs are an average of three independent release experiments employing microcapsules of the same
type, but from different batches (error bars represent standard deviations, n = 3) [134].
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Figure 47: An example of a polyamide reaction.
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aromatic diisocyanates are treated with several organisms. It
has also been found that polyurethanes derived from ali-
phatic diisocyanates are degraded more rapidly than those
derived from aromatic diisocyanates [147].

In the field of research, many scientists have focused on
encapsulating polyurethane. In 2015, isophorone diisocya-
nate (IPDI) monomer as an active agent was investigated
via interfacial polymerization in a stabilized aqueous emul-
sion [148]. The authors reported studies on the possibility
of 1,4-butandiol, 1,6-hexanediol, and glycerol as polyol
monomers for polyurethane microcapsule shell. In the latter
work, PU microcapsules were characterized using different
methods. Morphological analysis and the size of microcap-
sules containing IPDI investigated by SEM are shown in
Figure 53. The microcapsules are spherical with a tendency
to agglomerate, and this fact is associated with the presence
of isocyanate that did not react completely during air drying
of microcapsule.

Liu et al. studied spherical and disk polyurethane micro-
capsules that were prepared by an adsorption and cross-
linking method in models with corresponding forms in
organic solvent (Figure 54) [149]. The internalization
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Figure 48: Release of coumarin 1 dye under different solvent conditions for polyamide capsules prepared with (a) 3 : 1 triazine 2:DETA and
(b) 1 : 1 triazine 2: DETA. (c) Control experiments: 1 : 1 triazine 2: DETA with terephthaloyl chloride. Uncertainty represents standard
deviation of three measurements [142].
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Figure 49: SEM micrograph of a fractured microcapsule having β-
carotene as a core [143].
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Figure 50: Release kinetics of β-carotene from polyamide
microcapsules in water at 20°C in the absence (triangular
symbols) and in the presence (square symbols) of continuous
irradiation with UV light [143].
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Figure 51: Release kinetics of β-carotene from polyamide
microcapsules in tetrahydrofuran at 20°C [143].
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behaviours of microcapsules were investigated by coincuba-
tion with RAW 264.7 and HepG2 cells.

More recently, polyurethane microcapsules were prepared
using combined method of interfacial polymerization with the
Peckering emulsion modelling method (Figure 55) [150].

[BMIm]PF6@PU (polyurethane (PU) microcapsules
containing 1-butyl-3-methylimidazolium hexafluoropho-
sphate ([BMIm]PF6)) microcapsules were synthesized at dif-
ferent emulsification rates and with different levels of lignin
(Table 2, samples 1-4). As can be seen in Table 2, the average

particle size of microcapsules decreased significantly when
the emulsification stirring speed was increased, while keep-
ing the concentration of emulsion constant. A conclusion
to be drawn is that the higher the stirring speed of emulsifi-
cation, the greater the shear strength and the lower the aver-
age particle size of produced microcapsules.

From observing Figure 56(a), for a slower emulsification
rate (400 rpm), the size of microcapsules is larger, and most
of the microcapsules are coalesced. A lower emulsification
rate is not effective in dispersing highly viscous ionic liquids.
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Figure 52: Synthetic pathways of polyurethane.
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Figure 53: Morphology and size of the PU microcapsules synthesized using (a) 1,4-butanediol, (b) 1,6-hexanediol, and (c) glycerol [148].

29Advances in Polymer Technology



By increasing the emulsification rate, the adhesion between
microcapsules is reduced, making the spherical structure
more regular and sizes more uniform (Figures 56(b) and
56(c)). The best result was achieved for an emulsification
rate of 5000 rpm; for 8000 rpm the size of microcapsules fur-
ther decreased even. However, some of microcapsules were
fractured at 8000 rpm (Figure 56(d)).

He et al. prepared polyurethane (PU) microcapsules
containing pirimiphos-methyl (PM) using the interfacial
reaction method between toluene diisocyanate (TDI) trimer
and 1,4-butanediol [151]. Microcapsules with different core-
wall relationships were produced and characterized using
several techniques. The results showed that PM was encap-
sulated in PU microcapsules, and through scanning electron
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Figure 54: Fabrication process of (a) spherical and (b) discal PU microcapsules and (c) the cellular uptake of the microcapsules [149].
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Figure 55: Synthetic process of PU microcapsules by the interfacial polymerization in lignin stabilized Pickering emulsion [150].

Table 2: Mean diameter of [BMIm]PF6@PU microcapsules obtained with different emulsification rate and with different lignin content,
adapted from [150].

Sample Lignin content (wt.%)
Emulsification conditions

Mean diameter (μm)
Emulsification mode Emulsification time (min) Emulsification rate (rpm)

1 0.5 Mechanical agitation 30 500 100 ± 30

2 0.5 High speed emulsification 5 2.000 90 ± 20

3 0.5 High speed emulsification 5 5.000 40 ± 20

4 0.5 High speed emulsification 5 8.000 30 ± 10
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microscopy, it was showed that microcapsules had a clean
surface and a spherical shape (Figure 57). By increasing the
proportion of nucleus wall, the surface of microcapsules
became wrinkled, and there was an appearance of small
pores. It was also verified that the microcapsules are able
to protect PM against degradation and showed also sustain-
able release. This microcapsule procedure allows the authors
to conclude that PU microcapsules based on TDI trimer are
an environmentally friendly alternative, with potential to be
developed as a pesticide that saves resources.

Ribeiro et al. studied the functionalization of titanium
dioxide nanoparticles on the surface of polyurethane micro-
capsules as a way to control the release of citronella by solar
radiation, allowing the release of a mosquito repellent
through a photocatalytic process, without mechanical stress
[152]. Using a modified hydrothermal sol-gel method,
TiO2 nanoparticles were synthesized with a mesoporous
structure. According to the morphology analysis, microcap-
sules have an almost perfect spherical morphology, with
sizes ranging from 50 to 250μm (Figure 58(a)). When these

100 𝜇m

(a)

100 𝜇m

(b)

100 𝜇m

(c)

100 𝜇m

(d)

Figure 56: SEM morphologies of [BMIm]PF6@PU microcapsules prepared with increasing emulsification rate (sample 1–4). (a) 500 rpm.
(b) 2000 rpm. (c) 5000 rpm, (d) 8000 rpm [150].
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Figure 57: SEM micrographs of PU microcapsules: (a) S1, (b) S2, (c) S3, and (d) S4 [151].
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microcapsules were subjected to mechanical forces
(Figure 58(b)) a hollow interior, with an average wall thick-
ness of 10μm, was revealed [152].

To the authors’ knowledge, this technology is very prom-
ising due to the high photocatalytic activity of the nanopar-
ticles, which promotes a controlled release of the
encapsulated product, combined with good mechanical
resistance and general quality of the PU microcapsules.

(5) Polyanhydrides. Polyanhydrides (Figure 59) are a class of
biodegradable polymers characterized by repeating units
that are connected by anhydride bonds. Due to their degrad-
ing nature, they show some interest in biomedical applica-
tions, such as drugs transportation to various organs in the
human body, including the brain, bones, and eyes.

Polyanhydride can be synthesized from available and
low-cost resources and can be manipulated to meet desirable
characteristics. Bucher et al. synthesized the first synthetic
polyanhydride by treating acetic anhydride with isophthalic
or terephthalic acid [153]. There is a difference in polymeric
degradation between distinct polyanhydrides structures.
Aromatic polyanhydrides presents a lower degradation rate,
over a long period of time, while aliphatic polyanhydrides
degrade faster, within a few days. Polyanhydride synthesis
consists of interfacial condensation, ring-opening polymeri-
zation, dehydrochlorination, and dehydrating coupling
[154]. Biodegradable polymers with high molecular weights
can be produced using coupling agents, such as diacyl chlo-
ride and many other acid receptors. The rapid synthesis of
polyanhydride is also facilitated by microwaves and dielec-
tric heating.

Regarding the biodegradation of polyanhydride, it
involves two complementary processes, namely, degradation
and erosion. Degradation refers to the chain cleavage pro-
cess, in which the polymeric chains are cleaved to form olig-
omers and finally to form monomers. Erosion designates the
loss of material due to the monomers and oligomers that
leave the polymer [155]. Polyanhydrides are hydrophobic
polymers insoluble in water, which makes it mandatory for
these materials to degrade before erosion. As they are hydro-
phobic polymers, they exhibit an ideal surface erosion,
which makes the rate of hydrolytic degradation on the sur-
face to be much faster than the rate of water penetration into
the matrix [156].

Over the years, several studies have been carried out that
describe polyanhydride a new polymer with excellent film
and fiber formation properties, structures, degradation and
stability properties, toxicity studies, and polymer applica-
tions for mainly controlled bioactive agents. As it has a rapid
degradation, its main use was limited to the short-term con-
trolled delivery of bioactive agents [157]. This controlled
delivery has been studied using drugs for the treatment of
several diseases, such as eye disorders, local anaesthetics,
anticoagulants, and carcinogens [158–160].

Advanced delivery applications with adjustable release
profiles require a certain type of product that can be
obtained through microencapsulation, which are dynamic
microcapsules. These can be carried out with a nondestruc-
tive trigger response mechanism, changing the permeability
of membrane, which can be seen in hydrogels. Werner
et al. reported an approach in obtaining reversibly respon-
sive hydrogel microcapsules using reactive anhydride chem-
istry [161]. Through microfluidic double emulsion droplet
models, poly(methacrylic anhydride) microcapsules are
obtained, allowing the direct encapsulation of hydrophilic
charge suspended in water inside the aqueous nucleus. The
permeability of microcapsules is dependent on the degree
of swelling and can be activated and modified. This fact
enables the repeated capture and release of aqueous charge
over several cycles.
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Figure 58: Scanning electron microscopy micrographs of citronella-loaded polyurethane microcapsules (a) before and (b) after mechanical
stress [152].
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Through several studies, the authors found that the
change in pH, size, and permeability of hydrogel micro-
capsules is repeatable, and these can be changed between
their swollen and not swollen states. Regarding the size
of microcapsules, dynamic properties were investigated.
As shown in Figures 60(a) and 60(b), the swelling and dis-
integration of pH-responsive microcapsules are quick and
reversible. Capsule size varies after each pH change over
the course of minutes and projected area of microcapsule
is not indicative of the size of shell after the pH = 7. This
is due to a change in shape during the swelling process:
with an increase in pH from 4 to 7, the shells swell in
the plane, leading to an increase in the surface area of
microcapsules. After each trigger event, microcapsules can-
not fully balance their size, causing the microcapsule’s
responses to depend on their swelling history, which is
not expected to be the same in each cycle. The microcap-
sules become spherical again after 15 minutes, due to the
filling of nucleus with sufficient volume of water
(Figure 60(c)).

(6) Poly(vinyl alcohol). Poly(vinyl alcohol) (Figure 61, PVA)
is a water-soluble synthetic polymer used in the manufacture
of paper, textiles, and in a variety of coatings. PVA is colour-
less (white) and odourless, being easily biodegradable [162].

PVA biodegradation has been studied in terms of micro-
bial degradation and enzymatic degradation by secondary
peroxidases (Figure 62) [163–165]. This biodegradation
involves the enzymatic oxidation secondary alcohol groups.
Other bacterial strains, such as Flavobacterium [165] and
Acinetiobacter [166], were also effective in PVA degradation.

PVA is used as a polymer carrier for pesticides and her-
bicides [167, 168], and when used in low molecular weight
form, it can be eliminated from organisms by glomerular
filtration.

Regarding PVA microencapsulation, several studies have
been reported. Galbiati et al. produced PVA microcapsules
decorated with chitosan and loaded with a quinoline alka-
loid that inhibits the DNA topoisomerase I pathway [169].
The objective of this research was to show the potential of
microcapsules with PVA shell or microbubbles as injectable
microdevices that support a theragnostic approach to differ-
ent types of tumours.

Another recent study involves the integration of PVA
microcapsules in porous collagen matrices to prepare new
materials for dermatological or cosmetic applications [170].
Encapsulation technology has been used to improve the
long-term stability of active substances and to increase and
prolong effectiveness of active ingredients.

Figure 63 shows SEM micrographs of collagen matrices
of PVA microcapsules with the addition of different
amounts of retinyl palmitate in their core. It can be seen that
the prepared matrices have a porous structure and spherical
shape and a diameter between 20 and 60μm.
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Figure 60: (a, b) Time-resolved size distribution (projected area) of the cyclic swelling (pH = 7) and deswelling (pH = 4) of poly(methacrylic
anhydride-co-ethylene glycol dimethacrylate) (P(MAA−EGDMA)) hydrogel microcapsules with 98mol % acid content. Droplines
represent time of pH change. (c) Selected bright-field microscopy images of the P(MAA−EGMDA) microcapsules during swelling and
deswelling at the indicated time points in plot (b). All scale bars are 200μm [161].
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Figure 61: Chemical structure of PVA.
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Figure 63: SEM micrographs of collagen matrix containing poly(vinyl) alcohol microcapsules loaded with retinyl palmitate: (a)–(c) Col/
PVA 1 : 1; (d)–(f) Col/PVA 1 : 10 [170].
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Piacentini et al. developed poly(vinyl alcohol) (PVA)
microparticles for the encapsulation of drugs with target
properties (catechol (CA) and sodium diclofenac (DS))
[171]. The synthesis was carried out through membrane
emulsification and chemical cross-linking. Several parame-
ters were evaluated, such as the influence of emulsification
method (membrane approach and homogenization), phase
compositions (PVA concentration, drug concentration,
physical, and chemical properties of the drug), cross-
linking reaction conditions (concentration of cross-linking
agent, acidic medium), the potential of microcapsules as car-
riers of drug release, and cytotoxicity in vitro.

Catechol encapsulation efficiency was close to 90% and
was independent of the emulsification method, concentra-
tion of PVA, catechol, and PVA: glutaraldehyde (GA) ratio.
On the other hand, DS encapsulation efficiency was higher
when membrane emulsification was performed than homog-
enization, and it was higher when the PVA:GA ratio was
increased.

The release of catechol was strictly dependent on the
concentration of PVA (Figure 64). When the polymer con-
centration is 3.5 and 7%, the release is similar with an
amount of 47% catechol released after 4 hours. For the same
release time, the amount of catechol released, at a PVA con-
centration of 15%, is 60%. The release of sodium diclofenac
was negligible due to its conversion from salt to acid after
the addition of benzoyl chloride.

The method proposed in this study allows the manufac-
ture of hydrophilic polymeric particles with properties suit-
able for encapsulation of drugs. These target properties
include particle size, particle size distribution, morphology/
structure and surface, encapsulation efficiency, and func-
tional activity. This work is expected to provide information
and increase the usefulness of hydrogels such as PVA for the
development of drug delivery devices.

(7) Polyacrylates. Polyacrylates (Figure 65) are an important
class of soft, resistant, and rubbery polymers, having a glass
transition temperature below room temperature. They have
a high transparency, good toughness, and impact elasticity
and have good heat resistance.

Several polyacrylate derivatives are generally resistant
to biodegradation [172]. Some studies on weight loss have
been reported in soil burial tests for ethylene and propyl-
ene copolymers [173]. Poly(alkyl 2-cyanoacrylate) systems
are polymerizable and adhere to wet surfaces and used
in biomedical applications [174–176]. A polyacrylate deriv-
ative that has been widely used in biomedical areas due to
its good biocompatibility is poly (2-hydroxyethyl methac-
rylate) [177, 178]. An androgen has been covalently linked
to a methacrylic and acrylic acid copolymer [179, 180],
since there is a need for a spacer molecule between a drug
and the carrier polymer in order to obtain an effective
cleavage.

Sodium polyacrylate alginate microcapsules have been
reported to encapsulate Lactobacillus plantarum MA2,
and their feasibility and in vitro and in vivo release have
been studied [181]. The seminatural edible polymer was

synthesized by grafting alginate sodium polyacrylate
(PAAs) to improve the acid-resistant property of grafted
Alg (Alg-PAAs (1: 2)).

According to the characterization, Liu et al. used several
methods, one of which is the controlled release of microcap-
sules because the viable probiotics need to be released from
them. It was concluded that the probiotic release percentage
was negligible when exposed to stimulated gastric fluid
(SGF) for 2 hours, while the microcapsules swelled a lot and
became breakable in stimulated intestinal fluid (SIF)
(Figure 66). Regarding the percentage of MA2 released in
Alg-PAAs microcapsule (1 : 2), the release was significantly
higher than in Alg microcapsule (58.9% vs. 43.7% in 5 hours).

One aspect that contributed to minimize the harmful
effect on the intestinal tract was the disintegration time of
Alg-PAAs microcapsule (1 : 2), which was much shorter
(6 hours) than that of Alg microcapsule (8 hours). Making
a comparison with the Alg and Alg-PAAs microcapsules
(1 : 2), it was found that the viability of MA2 in Alg-PAAs
microcapsule (1 : 2) was increased, which may have been
due to the better effect protector in SGF and the faster disin-
tegration of Alg-PAA microcapsule (1 : 2) in SIF and stimu-
lated colonic fluid (SCF).

In conclusion, Alg-PAAs microcapsule (1 : 2) can deliver
probiotics more effectively and faster to the intestinal tract
(including the large intestine) than Alg microcapsule.

Zhang et al. developed a flower garland fragrance encap-
sulation system using polyacrylate/paraffin microcapsules,
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obtained through the suspension polymerization method in
Pickering emulsion [182]. The flower garland fragrance
release was measured by using an infrared spectrophotome-
ter. The results indicate that crosslinked PMMA/paraffin
microcapsules and P(MMA-co-BMA)/paraffin microcap-
sules, prepared under ideal conditions, present a regular
spherical shape and similar size distribution. Also, micro-
capsules of P(MMA-co-BMA)/paraffin exhibit better ther-
mal stability, with a temperature of thermal resistance of
up to 184°C.

The results also show that 63.9% of fragrance was
retained after exposure of fragrance microcapsules to air
for 3 months (Figure 67), and the fragrance continued to
be released for more than 96 hours in surfactant solution
(sodium lauryl sulfonate, 20wt%, Figure 68).

The authors of this review consider that the results of
fragrance release study are very promising, given that the
microencapsulation system retains fragrance for 3 months
when exposed to air. In addition, a challenging job was
developed in the process of forming paraffin/polyacrylate
microcapsules, with a high optimization of parameters such
as the amount of cross-linking agent, water mass concentra-
tion, and type of comonomer, which influenced the proper-
ties of microcapsules.
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Figure 66: The release of L. plantarum MA2 in stimulated fluid. Alg or Alg-PAAs (1 : 2) microcapsules was immersed in SGF (pH 2.0, 2
hours), SIF (pH 6.8, 3 hours), and SCF (pH 7.4, 3 hours), consecutively. (a) Cumulative release percentage of L. plantarum MA2. (b)
Viability of L. plantarum MA2 in the released fluid. Data were present as means ± SD, n = 3, ∗∗p < 0:01 [181].
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Figure 67: Release of flower garland fragrance from polyacrylate/
paraffin microcapsules in air [182].

Release time (h)

100

100

90

90

80

80

70

70

60

60

50

50

40

40

30

30

20

20

10

10
0

0

Cu
m

ul
at

iv
e r

el
ea

se
 (%

)

a
b
c

Figure 68: Release of flower garland fragrance from polyacrylate/
paraffin microcapsules in surfactant solution (SDS, 20 wt %)
under different storage temperatures: (a) 30°C; (b) 40°C; (c) 50°C
[182].
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3. Conclusion

An in-depth review of different biodegradable polymers with
promising results in microencapsulation systems is pre-
sented. The origin, main characteristics and applications,
biodegradability, and an overview of most relevant scientific
works with each polymer are some of the topics described in
this article.

Lately, there is an increasing interest in the use of biode-
gradable polymers for microencapsulation systems, in par-
ticular due to the microplastics impact in the
contamination of water resources. Microencapsulation tech-
nique is not new, having been used for several decades in dif-
ferent sectors. Over the years, different microencapsulation
methods have been developed for distinct applications, such
as controlled drug delivery, cosmetics, and textile industry.
However, it is a research area that innovated quickly due
to its promising applications and technological advances,
which allowed the evolution and development of microen-
capsulation technologies.

Biodegradable polymers are very suitable for the devel-
opment of new microencapsulation systems with merits of
biodegradability and biocompatibility. It can be easily
excreted out of body or into nature due to the ability to be
eroded in small residues, which is not the case with nonde-
gradable polymers. What makes these polymers good candi-
dates are their mechanical properties, biocompatibility, and
minimal cytotoxicity. However, there is still space to explore
biodegradable polymers, and it takes time to manipulate the
degradation pattern of polymers so that they do not produce
any toxic products.

From the facts mentioned above, it is possible to con-
clude that synthesis of microcapsules with the use of biode-
gradable polymers has been an explored topic and in
constant innovation. However, several developments can
still be made in new applications, microencapsulation tech-
nologies, and new and optimized microencapsulation
systems.
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