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INTRODUCTION
Microencapsulation is the process of preparing micron-
sized particles consisting of one or more core materials 
within single or multiple shell materials. The concept of 
microencapsulation dates back at least to the 1930s, when 
carbonless copy paper became the fi rst commercial product 
to emerge as a result of microencapsulation technology (1). 
Since then this technology has developed rapidly, leading 
to a variety of products in pharmaceutical, medical, agri-
cultural, food, manufacturing, and cosmetics industries. 
Microencapsulation techniques are particularly prevalent 
in the development and production of drug delivery sys-
tems within the pharmaceutical fi eld. Representative and 
potential applications and benefi ts of microencapsulation 
in pharmaceutical industry include:

 ● Reduction of adverse effect and increase of therapeutic 
effi cacy by targeting the intended site

 ● Control of drug release from encapsulated microparti-
cles

 ● Enhancement of stability of drugs by forming a barrier 
between drug and surrounding environment

 ● Enhancement of solubility of poorly soluble drugs by 
particle size reduction

 ● Masking of taste and odor of certain drugs (2).

Microencapsulated particles have become indispensable 
in controlled drug release systems. Biocompatible mic-
roparticles with modifi ed drug release profi les are particu-
larly useful for the development of parenteral formulations. 
Examples of useful types of modifi ed release profi les 
include:

 ● Sustained release: Encapsulation of drugs within one or 
more shell materials controls the rate at which drugs 
diffuse out of the microparticle into the surrounding 
environment. In addition, some microparticles release 
drugs by an erosion mechanism, whereby the rate and 
extent of drug release is directly related to the rate and 
extent of shell material degradation. Consequently, 
drugs are released from the microparticles continuously 
over a period of time. The duration of drug release can 
generally be controlled by defi ning a set of microencap-
sulation process parameters. The major advantage of 
this approach is the ability to maintain drug concentra-
tions in the blood within the therapeutic window for an 

extended period of time. This has important implica-
tions in the improvement of patient compliance, which 
generally benefi ts from reduced number of necessary 
administrations.

 ● Signal-Responsive Release: Drug release from mic-
roparticles in response to internal or external stimuli is 
a sophisticated way to modify the release profi les of 
conventional formulations. In this case, microparticles 
release little or no drug until a signal is detected that 
modifi es the release rate. Signifi cant diffi culties have 
been encountered in attempts to couple drug release to 
internal stimuli such as local chemical signals or bio-
logical needs. However, release triggered by external 
stimuli such as magnetic fi eld has been studied exten-
sively with promising results. In addition, magnetic 
fi eld can direct the local accumulation of microparti-
cles. Signal-responsive release can potentially reduce 
toxic side effects associated with systemic administra-
tion of parenteral formulations.

 ● Pulsatile Release: Pulsed systems involve the release 
of drugs in one or more pulses over a controlled period 
of time. Usually, these systems are produced by engi-
neering a single or multiple cycles of time delay in the 
microparticle degradation mechanism. The concept of 
pulsatile delivery is still in its infancy but promises 
great potential, especially for the delivery of multiple-
challenge antigens and peptide hormones. Delivery of 
antibiotics in divided pulses prevents the formation of 
antibiotic-resistant microbacterial strains. Patient com-
pliance can be enhanced by eliminating the need for 
subsequent boost injections following an initial injec-
tion, since pulsatile systems can be made to mimic the 
drug delivering effect of the process (3).

As new materials continue to be discovered and technol-
ogy advances, the science of microencapsulation and its 
applications will grow and expand to encompass a wider 
range of processes and products. However, to date no sin-
gle encapsulation process has been developed that is capa-
ble of producing the full range of encapsulation products. It 
may be simply impossible to develop one microencapsula-
tion method that can be used for widely different applica-
tions, since the nature of the drug and microparticles will 
vary signifi cantly depending on the applications. This 
chapter is designed to provide an up-to-date overview of 
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the existing microencapsulation methods with emphasis on 
processes that have achieved signifi cant pharmaceutical 
use and to discuss the various current applications of 
microencapsulation, including potential applications that 
are yet to be commercialized.

TERMINOLOGY
A vast number of articles and reviews have been devoted to 
the subject of microparticulate systems. In these texts the 
terms ‘microparticle’, ‘microsphere’, ‘microcapsule’ and 
sometimes even ‘nanoparticle’ are used interchangeably. 
There is no universally accepted defi nition of ‘microparti-
cle’ or ‘nanoparticle’ because it is diffi cult to use any one 
parameter, such as diameter, for such a defi nition. For sim-
plicity, a ‘microparticle’ is defi ned in this chapter, as a par-
ticle with an equivalent diameter of around 1 µm and 
higher. The concept of equivalent diameter was developed 
for the size determination of non-spherical objects and is 
well-defi ned by the IUPAC (4). The term ‘microcapsule’ 
originally refers to microparticles that consist of one or 
more core materials surrounded by a distinct shell or wall, 
but it has evolved to include microparticles in which the 
core materials are embedded randomly or homogeneously 
dispersed within a matrix (shell). In some texts, spherical 
microparticles in which the core material is dispersed 
evenly throughout the shell material are also known as 
‘microspheres.’ A variety of materials have been used in 
microencapsulation, ranging from drugs, agrochemicals, 
enzymes and fragrances for the core and polymers, fats and 
waxes for the shell. In consideration of the scope of this 
chapter, the discussion will be limited primarily to encap-
sulation using synthetic or natural polymers.

METHODS OF MICROENCAPSULATION
Currently, there are many methods of microencapsulation. 
We will examine the representative techniques with empha-
sis on processes that have produced commercially signifi -
cant products and identify important parameters that affect 
the quality of the microparticulate systems produced.

Coacervation
The process of coacervation is the fi rst reported microen-
capsulation method to be adapted for the industrial produc-
tion of microparticles (1). The fi rst signifi cant commercial 
product that utilizes coacervation was carbonless copy 
paper. Coacervation involves the partial desolvation of a 
homogeneous polymer solution into a polymer-rich phase 
(coacervate) and a polymer-poor dilute liquid phase (coac-
ervation medium) (5). Two types of coacervation have 
been identifi ed, namely simple and complex coacervation. 
The mechanisms of microparticle formation for these two 
processes are similar with the exception of the method in 
which phase separation is carried out. Simple coacervation 
requires a change in the temperature of the polymer solu-
tion (6) or the addition of a desolvation agent, usually a 
water-miscible non-solvent such as ethanol, acetone, diox-
ane, isopropanol or propanol (7), or an inorganic salt such 
as sodium sulfate (8). On the other hand, complex 

 coacervation involves inducing polymer–polymer interac-
tion between two oppositely charged polymers, such that 
electrostatic interaction between two oppositely charged 
polymers produces phase separation. In general, for both 
simple and complex coacervation, formation of immiscible 
phases is followed by polymer deposition on the core 
material(s). The deposited polymer can be stabilized by 
cross-linking, desolvation or temperature change (9).

The successful encapsulation of drugs by coacervation 
is dependent upon several process parameters. The ability 
of a coacervating agent to spread and engulf dispersed 
drugs is highly affected by the types of coacervate used 
and its viscosity (10). Complex coacervation involves 
electrostatic interactions, and thus, the pH of the medium 
must be carefully controlled to maintain the charges on 
the polymeric species. For example, in a gelatin–gum ara-
bic system, the pH should be adjusted to below the iso-
electric point of gelatin such that the positively charged 
gelatin is attracted to the negatively charged gum Arabic 
(11). In the same study, it was shown that the acidifying 
rate of the medium affects the microparticle size distribu-
tion (11). Another factor is the concentration of surfac-
tants used in the process. Several studies have 
demonstrated the effect of various concentrations of sur-
factant on particle size distribution (12), coacervation 
yield (13) and drug-loading (14).

Interfacial and In Situ Polymerization
Interfacial polymerization is a microencapsulation technol-
ogy routinely used to produce pesticides and herbicides. In 
this process, a capsule or shell is formed at the interface 
between the core material and shell material through 
polymerization of reactive monomers. This technique can 
be used to encapsulate both water-miscible and water-
immiscible core materials. A water-miscible core material 
is dissolved in an aqueous solution to which a polymeriz-
ing reactant is added. When the aqueous mixture is dis-
persed in an organic phase containing a coreactant, rapid 
polymerizing occurs at the interface to produce a capsule 
shell surrounding the core material. For water-immiscible 
core materials, the reaction sequence is reversed. The 
organic phase now contains the core material along with a 
multifunctional monomer. The organic phase is dispersed 
into an aqueous phase and a coreactant is added, resulting 
in polymerization at the interface. Microparticles formed 
by interfacial polymerization often have a continuous 
core–shell structure with a spherical shape.

In situ polymerization is closely related to interfacial 
polymerization in that shell formation occurs via polymer-
ization reactions within the encapsulation mixture. How-
ever, a major difference between these two methods is that 
no reactive agents are added to the phase containing core 
materials in the in situ polymerization. At the interface 
between dispersed core materials and the continuous phase, 
polymerization occurs exclusively on the side facing the 
continuous phase. As the polymer grows, it deposits onto 
the surface of the core material, where cross-linking reac-
tions may occur alongside polymer chain growth, eventu-
ally forming a solid capsule shell. In situ polymerization 
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has been used extensively in the production of microcap-
sules loaded with carbonless paper inks or perfume for 
scented strips (15). In the cosmetics industry, this technique 
is used to produce microcapsules containing mineral oils.

In the discussion of processing and formulation parame-
ters that affect interfacial and in situ polymerization, two 
common processes can be isolated and discussed separately. 
First is an emulsifi cation step which determines the mic-
roparticle size and size distribution, and the second is a cap-
sule formation step. Parameters that affect emulsifi cation 
will be discussed in more detail in the section devoted to 
emulsions. Several important processing variables govern 
the formation of capsules. The thickness of the capsule wall 
is dependent upon the wall growing time (i.e., reaction 
time) (16), as well as the chemical nature and concentration 
of the monomers (17). The thickness of the capsule wall in 
turn affects the rupture resistance of the capsule wall. The 
ratio of monomer to cross-linking agent infl uences the 
integrity and morphology of the capsule shell (18). Other 
parameters such as pH, stirring rate and temperature, also 
play a role in determining the success of interfacial and 
in situ polymerization.

Emulsion
A common method to prepare microparticles is the emul-
sion technique. An emulsion is a mixture of two or more 
immiscible liquids. Pharmaceutically relevant liquids usu-
ally include some type of volatile organic solvent as the 
dispersed phase and water containing appropriate tensioac-
tive substance as the continuous phase (Fig. 1). For exam-
ple, hydrophobic drugs can be dissolved along with the 
wall-forming polymer in a common organic solvent, such 
as methylene chloride or dichloromethane, and the entire 
mixture emulsifi ed in an aqueous solution containing a 
polymeric surfactant such as poly(vinyl alcohol). This type 

of oil-in-water (O/W) emulsion is widely used for encapsu-
lation of lipophilic active moieties like steroidal hormones 
(19) and neuroleptics (20). The procedure can be adapted 
for encapsulation of hydrophilic drugs, where the drug is 
incorporated into an aqueous dispersed phase and poured 
into an organic continuous phase containing wall-forming 
polymer (water-in-oil, W/O). This primary emulsion is 
then further emulsifi ed in an external aqueous phase, lead-
ing to a type of double emulsion known as water-in-oil-in-
water (W/O/W) emulsion. Yet another class of emulsions 
consists of oil-in-oil (O/O) emulsion and multiple emul-
sions involving O/O procedures (W/O/O and W/O/O/O). 
W/O/O and W/O/O/O processes are carried out with the 
primary purpose of protecting highly water-soluble active 
agents from partitioning into the oil-water interface, caus-
ing drug loss and low encapsulation effi ciencies. For all 
types of emulsions, the emulsifi cation procedure is fol-
lowed by solvent elimination step in complement with 
solidifi cation step. Depending on the method of solidifi ca-
tion, emulsion can be further classifi ed as solvent evapora-
tion, solvent extraction and cross-linking method.

In the solvent-evaporation method, solvent is eliminated 
in two stages: fi rst the solvent diffuses through the dis-
persed phase into the continuous phase, and second the sol-
vent is eliminated at the continuous phase–air interface. To 
facilitate the evaporation of solvent from the continuous 
phase–air interface, an appropriate amount of heat may be 
applied to the system. Theoretically, if the solvent can be 
extracted completely from the microparticle into the con-
tinuous phase, then the solvent evaporation step is no lon-
ger necessary. In practice, this is the concept behind the 
solvent extraction method. Using a suffi ciently large vol-
ume ratio of continuous phase to dispersed phase or by 
choosing a cosolvent in the dispersed phase that has a great 
affi nity to the continuous phase, the solvent can be extracted 

Oil-in-water emulsion

Inverted micelle
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Figure 1 Hypothetical phase diagram of emulsion system composed of water, oil and surfactant. The different regions of the phase 
diagram (A, B, C, and D) are presented as well as the characteristic structures formed from these regions.
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Spray Drying
Spray drying is a relatively low cost, commercially viable 
method of microencapsulation. Current industrial applica-
tions of spray drying range from the encapsulation of fl a-
vors and fragrances by the food industry to paint pigments 
in manufacturing. During this process, the core material is 
fi rst emulsifi ed or dispersed into a concentrated solution of 
the shell material. The mixture is then atomized into a 
heated chamber containing carrier gas where the solvent is 
rapidly removed to produce dry microparticles (Fig. 2). 
A major advantage of spray drying is the ability to mass 
produce microparticles with relative ease and low cost. 
However, one major limitation is the restricted use of many 
solvents other than water due to fl ammability issues. This 
severely limits the types of shell materials to those soluble 
or at least dispersible in water. Currently, other solvent 
options such an ethanol–water cosolvent system (32) and 
methylene chloride (33) are being explored. Another disad-
vantage of spray drying is the limited control over the 
geometries of the produced microparticles and the ten-
dency for the microparticles to form aggregates.

The viscosity and particle size distribution of the pri-
mary emulsion have signifi cant impact on the morphology 
and size distribution of subsequent spray drying process. 
For example, if the viscosity is too high, elongated and 
large droplets may form (34). The concentration of wall-
forming materials in the solution has a direct impact on the 
microencapsulation effi ciency of core materials (35). Dur-
ing spray drying, a number of processing parameters must 
be optimized in order to produce high quality microparti-
cles. These parameters include feed temperature, air inlet 
and outlet temperatures (36), as well as the rate of emul-
sion mixture being delivered to the atomizer and rate of air 
fl ow (37). Optimization of these and many other factors 
that affect spray drying microencapsulation are mainly car-
ried out by trial and error experimentation.

Spray Coating
Spray coating is used extensively in encapsulating solid or 
porous particles. In spray coating processes, particles are 
rotated and moved around in a designed pattern so that a 
liquid coating formulation can be sprayed evenly onto the 
surfaces of the individual particles. The coating formula-
tion is allowed to dry by solvent evaporation or cooling. 
Usually, the coating cycle may be repeated until a desired 
capsule thickness is achieved. Depending upon the method 
by which the particles are rotated and mixed, spray coating 
can be broadly classifi ed as fl uidized bed coating and pan 
coating. The former is widely used in microencapsulation, 
whereas the latter is more often used to coat the surface of 
tablets. Our discussion here will be limited to fl uidized bed 
coating only.

Fluidized bed coaters function by suspending the solid 
microparticles in a moving gas stream. Three types of fl uid-
ized bed coaters are available, each differ in the position of 
the nozzles that apply the liquid coating formulation: top 
spray, tangential spray and bottom spray (Fig. 3). In a top 
spray coater, the coating solution is sprayed from the top part 
of the unit onto the fl uidized bed. Microparticles are moved 

from the microparticle to completion. The third type of 
emulsion method is the cross-linking method, which takes 
advantage of the ability of certain naturally available 
hydrophilic polymers such as gelatin, albumin, starch, dex-
tran, and chitosan to cross-link and solidify. The cross-
linking reactions may take place upon heating (21) or the 
addition of counter polyions (22) and cross-linking 
agents (23). It is crucial to take into consideration of the 
toxicity of added reagents when formulating pharmaceuti-
cally relevant microparticles using this method.

A vast number of studies have been conducted on the 
parameters that infl uence emulsion. Here, we will briefl y 
examine some of the most important ones. The character-
istics of microparticles produced by emulsion may be 
affected by physical parameters(such as the confi guration 
of the apparatus, stirring rate, volume ratio of the dis-
persed to continuous phase, and weight ratio of encapsu-
lated core material to shell material),physicochemical 
parameters (such as interfacial tension, viscosities and 
densities of the dispersed and continuous phases), and 
chemical parameters (such as the types of polymer, drug, 
surfactant and solvent used in the emulsion reactor). The 
optimization of these parameters is material-specifi c, i.e., 
for different drug–polymer systems, the values of the 
parameters differ. Furthermore, the set of parameters pro-
ducing the most signifi cant impact on microparticle char-
acteristics varies with the system of drug–polymer under 
investigation. For the well-characterized poly(lactide-co-
glycolide) (PLGA) system it is generally accepted that 
mean particle size increases with increasing polymer con-
centration (24,25) and is independent of the ratio of lac-
tide to glycolide units. The ideal weight percentage of 
drug in polymer is in the range of 20–40%. Higher theo-
retical drug loading generally leads to lower encapsula-
tion effi ciency of drugs in PLGA microparticle (26). 
Increasing the volume of continuous phase relative to the 
dispersed phase is expected to reduce the PLGA matrix 
density in the microparticle, resulting in increased 
burst release (27). However, if the volume ratio is 
increased suffi ciently high, a decrease in burst release is 
observed (28).

Supercritical Fluid
Supercritical fl uids offer a wider scope of choices as 
solubilizing agents for core and/or shell materials. The 
ability of supercritical fl uids to solvate core and shell 
materials can be altered by varying temperature and 
pressure conditions, the two key parameters in this par-
ticular microencapsulation technique. In addition to sol-
vating the active principles, the use of supercritical 
fl uids as extractants are also well documented (29). 
Therefore, if the starting solution is appropriately pre-
pared, the fi nal microencapsulated product can be 
obtained in one step that consists of two main processes: 
solvation of active principles by supercritical fl uid in the 
rapid expansion of supercritical solutions (RESS) pro-
cess (30) and precipitation of compounds by the 
 supercritical fl uid in the supercritical anti-solvent 
 crystallization (SAS) process (31).
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Feed solution (core and
shell materials)

Nozzle

Drying chamber

Hot air

Figure 2 Schematic of a spray drying unit.

(A) (B)

Figure 3 Schematic of top spray unit (A) and bottom spray unit (B). Solid arrows: direction of shell formulation; dashed arrows: gas 
stream; triangle: core material; circle: shell material droplet.

by gas stream upward until they meet droplets of coating 
formulation. If the coating solution contains a volatile sol-
vent, the lapse in time between the moment the droplet 
leaves the nozzle and when it encounters the microparticle 
will result in the increase of solid content in the coating for-
mulation droplet, causing a decrease in the droplet’s ability 
to spread on the particle surface. Subsequently,microparticles 
coated by this method tend to have porous coatings and a 

certain extent of internal void volume. Tangential spray and 
bottom spray (Wurster spray) units are capable of producing 
a more continuous coating. In these two types of fl uidized 
bed coaters, the sprayed droplets move in the same direction 
as the gas stream that carries the microparticles. The coating 
formulation moves a shorter distance before impacting on 
the surface of microparticles, thereby minimizing premature 
solvent  evaporation. Once the microparticles have been 
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whereas the shell liquid is fed into the peripheral fl uid 
channel. When the two-liquid column emerges from the 
nozzle, it spontaneously breaks up into a stream of small 
droplets with liquid cores surrounded by liquid shells. The 
shell material can solidify by rapid cooling as the droplets 
fall away from the nozzle, or alternatively, the droplets 
may fall into a gelling bath where the aqueous shell is con-
verted to a gel-like capsule. The method of solidifi cation 
depends on the properties of the polymer used as shell 
material.

Rotational Suspension Separation
This microencapsulation method is a relatively new tech-
nology that is a fast, low-cost way to produce large quan-
tities of encapsulated microparticles. Core material is 
dispersed in a liquid wall formulation and the mixture is 
fed onto a rotating disk. Individual microparticles with 
surface layers of wall material are fl ung off the rotating 
disk and cooled rapidly to solidify the coating layer 
(Fig. 5). Microencapsulation by this method can take 
between a few seconds to several minutes. To obtain opti-
mal results, it is suggested that the core materials are 
spherical in shape before undergoing encapsulation. This 
may require extra processing steps such as granulation, 
which may pose restrictions on the type of core materials 
that can be used in this process. In addition, this tech-
nique requires wall materials that can solidify rapidly. 
Other parameters that need to be taken into consideration 
include viscosity of the coating formulation and the rota-
tional speed of the disk.

Summary of Microencapsulation Methods
Most microparticles with industrial applications are pro-
duced by methods outlined in the above sections. Cur-
rently, progress is being made in the commercialization 
of an increasing number of microparticle-based prod-
ucts as well as the technology of microencapsulation 
itself. However, it is important to note that to date, no 
single microencapsulation process is able to produce the 
full range of products required by the consumer market. 
The encapsulation of pharmaceutical drugs is a particu-
larly good demonstration of this point. When selecting 
encapsulation methods for a certain drug particles, it is 
crucial to consider the physicochemical properties of the 
drug. These properties serve as starting points for any 
encapsulation technology development. Although many 
studies are underway in fi nding alternative solvents to 
water, presently aqueous-based solutions remain the 
most widely used systems in drug encapsulation. Logi-
cally, then aqueous solubility effects of drug particles 
must be given careful thought when attempting to 
microencapsulate.

PHARMACEUTICAL APPLICATIONS
In the following sections, we will examine some of the 
major pharmaceutical applications of microencapsulation 
technology. Each section addresses a representative issue 
encountered in the microencapsulation arena. Strategies to 
overcome these challenges are an ongoing  interdisciplinary 

coated, they are carried by the gas stream into the upper sec-
tion of the spray coating unit, allowing the coating to solidify 
by solvent evaporation or cooling. The microparticles fall 
and settle, and another cycle begins. This process is repeated 
until the desired coating thickness is achieved. Currently, the 
drying progress is also monitored by process analytical tech-
nologies (PAT), such as near infra-red (NIR) spectrometry.

The quality of encapsulation using spray coating meth-
ods is perhaps more dependent on physical parameters than 
any of the encapsulation methods mentioned previously. 
Within the same type of spray coating apparatus, factors 
such as rate of gas fl ow, nozzle-to-bed distance, number of 
nozzles used, rate of spraying and temperature all contrib-
ute to the quality of coating. For instance, if the nozzle-to-
bed distance is too far, premature solvent evaporation may 
occur to the extent that some surfaces of the microparticles 
are not evenly coated. In addition to physical parameters, 
physicochemical factors such as the viscosity of the coat-
ing formulation and density of the core material also affect 
the quality of spray coating.

Centrifugal Extrusion
Centrifugal extrusion process requires two immiscible liq-
uids that are pumped into a spinning two-fl uid nozzle 
(Fig. 4). The core liquid is fed into the center fl uid channel 

Shell
material

Core
material

Figure 4 Schematic of centrifugal extrusion apparatus used to 
produce microparticles.
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Biodegradable Polymers
Two classes of polymers are often used for controlled-
release purposes: polyanhydrides and polyesters. Polyan-
hydrides are a class of polymers composed of hydrolytically 
labile anhydride linkages. The attractiveness of polyanhy-
drides lies in the fact that these molecules can be easily 
modifi ed by vinyl moieties or imides to create cross-link-
able systems (38). Especially appealing is the ability to 
tailor-release rates to the degree of cross-linking density. 
Studies have shown that mass loss of polyanhydrides fol-
lows a surface degradation mechanism (39), which is 
highly signifi cant since drug release would be exclusively 
controlled by surface erosion processes. The second class 
of biodegradable polymers often used in microencapsula-
tion is polyesters. Polyesters such as poly(ε-caprolactone) 
(PCL), poly(lactic acid) (PLA) and poly(lactide-co-gly-
colide) (PLGA) have been used in controlled-release for-
mulations that were approved by FDA. Among these 
polymers PLGA is one of the most studied diblock copoly-
mers for microencapsulation. PLGA microparticles are 
usually synthesized by emulsion methods (including sol-
vent evaporation (40), solvent extraction (41) and cross-
linking (26)) and interfacial polymerization techniques. 
Unlike polyanhydrides, PLGA undergoes bulk erosion, 
where drug contents are released by both diffusion and ero-
sion processes. The drug release kinetics are infl uenced by 
the several characteristics of the PLGA polymer. Well-rec-
ognized factors include copolymer composition, molecular 

effort between the pharmaceutical, biomedical and chemi-
cal fi elds. We will also briefl y present some current and 
potential clinical applications of microencapsulation tech-
nology within the pharmaceutical industry.

Drug Table Release
The controlled release of drugs from a polymeric mic-
roparticulate system is perhaps the most widely investi-
gated application for microencapsulation techniques. To 
achieve effective control of pathological state, it is desir-
able to maintain the concentration of released drugs 
within the therapeutic window for a predetermined period 
of time with minimum fl uctuations. For diseases such as 
cancer that require long duration of action and patient 
compliance is greatly enhanced if the formulation has a 
sustained-release profi le such that frequent dosing is 
obviated. A typical microparticulate release profi le shows 
three distinct stages: an initial burst release, a lag period 
followed by erosion-based release. In general, the release 
profi le is controlled by the rate of diffusion, erosion, 
osmotic-mediated events, or a combination of these 
mechanisms. These parameters are in turn dependent 
upon the structural features of the microparticle, the dis-
tribution of drugs within the polymeric matrix, and the 
degradation kinetics of the polymers. By manipulating 
these parameters it is possible to achieve the desired 
release profi le for controlled drug delivery.

Figure 5 Schematic of microencapsulation by rotational suspension separation.
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example, within a certain range, increase in the volume 
ratio of continuous phase compared to the organic dis-
persed phase is expected to reduce polymer matrix density 
and therefore increase burst release. However, when the 
volume ratio is increased out of this range, the formation of 
a hardened high density polymer shell is expected to occur 
such that burst release is reduced. For another example, 
addition of plasticizing surfactants to the processing 
medium and/or increasing the processing temperature to 
above the Tg of the polymer led to enhanced polymer 
mobility at the surface of the microparticle, which facili-
tates pore closure and decreases surface porosity. Both of 
these outcomes have been shown to lead to lower burst 
release (48).

Drug Properties
So far we have examined formulation efforts on poly-
meric wall materials to control burst release. Equally 
important are drug-specifi c properties that must not be 
overlooked in formulation efforts to limit burst release. 
These drug-specifi c factors include drug molecular 
weight, drug solubility in solvents and drug partition 
coeffi cient between polymer and processing medium 
environment. Drug molecular weight determines the 
extent to which matrix density and porosity impact initial 
release: generally speaking, the effect of matrix density is 
more dominant for small, low Mw compounds whereas 
porosity is more dominant for high Mw drug molecules. 
The solubility of drug in organic solvent infl uences the 
distribution of drug molecules within the microparticle. 
Hydrophobically active moieties are typically soluble in 
organic solvents commonly used for microencapsulation 
and usually form molecular dispersions within the poly-
meric matrix. However, it is worthwhile to note that a 
drug may be encapsulated as a molecular dispersion in a 
polymer but has little affi nity for the polymer, leading to 
heterogeneous drug distribution over time. On the other 
hand, large hydrophilic drug molecules such as peptides 
or nucleotides demonstrate limited solubility in organic 
solvents such that drug molecules are likely to reside on 
microparticle surface. In this case, the partition coeffi -
cient of the drug becomes a dominating factor. The parti-
tion coeffi cient is essentially a comparison of the affi nity 
of the drug molecules for the polymer and for the continu-
ous phase. When the drug has higher affi nity for the con-
tinuous phase compared to the polymer, drug molecules 
may diffuse out of the encapsulating wall material into 
the surrounding processing medium, causing a low encap-
sulation effi ciency as well as heterogeneous drug distri-
bution in the polymer matrix. Possible formulation efforts 
include fi nding alternative polymeric forms that are more 
compatible with the drug and varying process parameters 
outlined previously. For example, adding a small amount 
of glycerol into the dispersed phase enhanced the inter-
nalization of the active moiety insulin and reduced burst 
release from 40% to 10% (49). In another example, mod-
ifi cations to the encapsulating polymer such that hydro-
philicity increases drug internalization and decreases 
initial release (50).

weight, crystallinity, and drug-specifi c interactions with 
the polymer. The infl uence of these and other parameters 
has been extensively reviewed in literature (42). In addi-
tion to polyanhydrides and polyesters, copolymers of poly-
anhydrides and polyesters have also been investigated for 
their ability to achieve better controlled release of drugs 
from microparticles (43).

Burst Release
Initial burst release is one of the major concerns in con-
trolled release of drugs. A high initial burst release is unde-
sirable unless the formulation is designed for vaccines or 
antibiotic delivery. High initial burst release is usually 
observed in microparticulate systems containing hydro-
philic drugs, though some relatively hydrophobic drugs 
such as risperidone have also been known to demonstrate 
initial burst release phenomenon. In general, burst release 
from microparticles is attributed to two causes: (1) dissolu-
tion of surface-associated drugs and (2) an increased con-
centration of drugs near the surface of the microparticle 
due to convective solvent fl ow during processing. How-
ever, studies have shown that burst release also occurs for 
formulations where the drug was exclusively present inside 
microparticles (44) and particles containing homogeneous 
distribution of drugs (45). Therefore, burst release is not 
only a surface phenomenon.

The initial burst release can be regulated by physical 
barriers within microparticles limiting the diffusivity of 
drug molecules, the polymeric matrix density, and the 
porosity of the microparticle. Physical barriers include 
coating a blank layer of shell material on the surface of the 
microparticles or preparing double-walled microparticles 
using phase separation of the constituent polymers. There 
are a number of disadvantages associated with these prepa-
ration methods. Coating a blank layer on the surface of the 
microparticles causes an increase in particle size that could 
potentially affect the absorption and distribution of the 
microparticles. In addition, coating reduces the production 
effi ciency and raises the cost of production. The polymer 
phase separation approach also has its weaknesses, mainly 
that the phase separation process is minimally controlled, 
which leads to batch-to-batch variations in wall composi-
tion (46). On the other hand, the matrix density and mic-
roparticle porosity are relatively easier to manipulate using 
a set of formulation and processing parameters. Consider 
the classic example of an oil-in-water emulsion. Because 
the bulk of dispersed phase contains organic solvent, 
removal of the solvent during evaporation or extraction 
procedures will lead to decreasing microparticle volume 
before polymer gelation and vitrifi cation (47). The extent 
to which the microparticle shrinks prior to hardening deter-
mines the matrix density. In general, the faster the solvent 
removal rate, the lower the matrix density. The exception is 
when the solvent removal is so rapid that localized poly-
mer hardening takes place, such that a dense exterior shell 
forms. In this case the burst release may be reduced (28). 
Other factors in the emulsion process besides the solvent 
removal rate also contribute to the processing-microparti-
cle structure relationship as it pertains to burst release. For 
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 encapsulating these hydrophilic biomacromolecules using 
emulation methods. However, it is found that these bio-
macromolecules are often denatured at the water–oil 
(organic solvent) interface. For example, in a study involv-
ing vortex mixing of the protein carbonic anhydrase in 
aqueous solution with the organic solvent methylene chlo-
ride, protein adsorption, denaturation, and aggregation 
were observed at the interface (51). Exposure of hydro-
philic biomacromolecules to organic solvent causes con-
formational changes because of the highly hydrophobic 
environment. Microencapsulation methods that require 
some stress conditions such as shearing or thermal stress 
could affect the structural and therefore functional integrity 
of the biomacromolecules.

To add further complexity, biomacromolecule instability 
can also be caused by polymer degradation and drug–poly-
mer interactions. Studies in this fi eld have advanced from 
initial concern of polymer degradation alone to the recog-
nition that biomacromolecules such as proteins can interact 
with the polymer through chemical reaction as well as 
physical adsorption to the solid polymer surface. For 
example, the most commonly used polymer PLGA under-
goes hydrolysis upon exposure to aqueous environment to 
produce primary alcohol and carboxylic acid subunits. The 
microclimate within PLGA microparticles changes with 
the increasing concentration of free carboxylic end groups 
as the polymer degrades, with lower pH values measured 
in the core of the particle by multiple studies (52,53). This 
transition to a more acidic environment has a profound 
effect on the stability of encapsulated proteins and pep-
tides, since acid-catalyzed reactions such as deamidation 
and chain cleavage could take place. In addition, recent 
studies have reported that encapsulated biomacromole-
cules can also directly react with the polymeric material. 
For instance, the incorporated protein or peptide can react 
with PLGA through the nucleophilic attack of a primary 
amine on the carboxyl carbon in PLGA ester bond (54). 
These reactions contribute to the instability of encapsu-
lated biomacromolecules within polymeric microparticles. 
Biomacromolecules dissolved in aqueous solution are also 
prone to adsorb to the solid surface of the microparticles.

Small molecular drugs also encounter stability issues 
especially during storage of the microparticles. It is often 
overlooked that the polymers used for encapsulation are 
often amorphous, and undergoes structural relaxation over 
time. The change in polymeric structure leads to solid state 
variations that affect drug effi cacy. For instance, the anti-
infl ammatory drug triamcinolone encapsulated in PLGA 
systems has been shown to vary from one polymorphic 
form to another during long term storage (55). Some drugs 
with poor affi nity for the encapsulating polymer tend to 
crystallize out over time, resulting in undesirable release 
profi les.

Controlling Drug Stability
Abundant recent literature has been devoted to formulation 
modifi cations as ways to improve stability of biomacro-
molecules. These formulation modifi cations can be broadly 
classifi ed as pH modifi ers and covalently-linked modifi ers. 

Drug Stability
Interest in biomacromolecules has been growing within the 
pharmaceutical fi eld as the industry continues its search for 
novel drug compounds. Unfortunately, these biomacro-
molecules are diffi cult to encapsulate without some loss of 
bioactivity. In particular proteins are notorious for their 
physical and chemical instability. The stability of drugs is 
crucial for obvious reasons: (1) instability changes the 
function and pharmacokinetics of the drug and (2) instabil-
ity may produce by products that can cause toxicity or 
immunogenicity issues. Besides biomacromolecules, tradi-
tional small molecular drugs also experience instability 
issues, with the issues most prominent during storage. Cur-
rently, microencapsulation methods are being developed 
that address these problems.

Causes of Instability
 In general, two broad categories of causes have been iden-
tifi ed that are detrimental to the stability of biomacromol-
ecules such as proteins, peptides and nucleic acids: 
instability due to processing conditions or instability due 
to polymeric degradation and polymeric interactions 
(Table 1). Water-in-oil-in-water (W/O/W) encapsulation 
methods are the most commonly employed way of 

Table 1 Sources of instability for encapsulated protein/peptide 
drugs and stabilizing strategies

Source of instability Stabilizing strategy

Instability due to 
processing 
conditions

Exposure to 
oil–water 
interface

Use protective 
excipients or 
non-aqueous 
techniques

Exposure to 
hydrophobic 
compounds

Decrease hydropho-
bicity by covalent 
modifi cations or 
use more hydro-
philic solvents

Shear and thermal 
stress

Employ non-shearing 
and non-heating 
techniques

Instability due to 
polymer 
degradation

Hydrolysis of 
polymer 
produces acid 
microenviron-
ment

Add pH modifi ers, 
increase perme-
ability of polymer 
matrix or alter 
polymer degrada-
tion rate

Instability due to 
protein–polymer 
interaction

Acid-catalyzed 
deamidation and 
chain cleavage

Add pH modifi ers, 
use techniques that 
do not allow 
protein–polymer 
contact 

Acylation PEGylation of 
protein/peptide, 
acetylation of 
N-terminus of 
protein/peptide
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clinical trials (Table 3). A variety of drugs from different 
therapeutic classes has been encapsulated in microparticles 
and is currently being closely examined for clinical applica-
tions, particularly through parenteral administrations. These 
drugs include chemotherapeutic agents such as paclitaxel 
(65), docetaxel (66), doxorubicin (67), vascular endothelial 
growth factor siRNA (68), 5-fl uorouracil (69).and tamoxifen 
(70); analgesics such as morphine (71), nalbuphine (72) and 

The most commonly used pH modifi ers for PLGA systems 
are weakly basic salts such as calcium carbonate (56,57), 
magnesium hydroxide (57,58) and zinc carbonate (58). 
These salts are encapsulated within the polymeric matrix 
along with the active moiety and buffer against pH change 
as monomers accumulate. It should be noted that highly 
dissociative hydroxide salts can also reduce the stability of 
encapsulated proteins and peptides by creating a basic 
environment conducive to base-catalyzed peptide degrada-
tion (59). Covalently-linked modifi ers function by prevent-
ing polymer-core material interactions. A possible modifi er 
is poly(ethylene glycol), which can be covalently attached 
to a peptide drug to prevent nucleophilic reactions between 
peptide and polymer (60). The PEGylation did not affect 
the bioactivity of the peptide (61).

In addition to formulation modifi cations, processing 
modifi cations are also investigated for control of biomacro-
molecule stability. Since the water–oil interface was known 
to destabilize proteins and peptides, the logical step is to 
develop methods that prevent protein or peptide contact at 
the aqueous solution–organic solvent interface. A  recent 
development is a method known as solid-in-oil-in-hydro-
philic-oil-in-ethanol (S/O/hO/E) (62), where preformulated 
solid protein particles are added to a hydrophilic non-aque-
ous ‘oil’ phase containing hydrophobic solution of polymer 
dispersion. The whole mixture is transferred into a cold 
ethanol bath to extract remaining solvent. This approach 
has been shown to retain the bioactivity of over 90% of the 
encapsulated proteins. In another method, protein mole-
cules are fi rst encapsulated in dextran glass particles and 
then dispersed in polymeric (PLGA) microspheres (63). 
This technique avoids protein contact with oil/water inter-
face and the hydrophobic PLGA.

Drug Targeting
The ability to target drugs and therapeutics to specifi c sites 
has been one of the most sought-after goals in the pharma-
ceutical fi eld. There are several major issues associated with 
systemic drug administrations. The therapeutic agents are 
evenly distributed throughout the body, such that there is a 
lack of accumulation at the pathological site where the active 
moieties are needed the most. Due to the limited drug speci-
fi city, higher total doses are required to achieve the neces-
sary concentration at the pathological site. Consequently, 
there is increased risk of non-specifi c toxicity and other 
adverse side effects. These problems are particularly promi-
nent for highly potent drugs such as anti-cancer agents. Cur-
rently, most research within the targeted drug delivery fi eld 
focuses on nanoparticles instead of microparticles. How-
ever, there are a few instances of using polymeric micropar-
ticles as targeting entities. In one approach, a drug is 
combined with microparticles using microorganism-specifi c 
enzyme substrates such that the active form of the drug will 
only be released in the presence of enzymes specifi c to the 
target virus or microorganism. In uninfected macrophages, 
the drug will remain bound to the microparticle (64).

Clinical Applications
Several microparticle-based pharmaceutical products are 
currently on the market (Table 2) and several more are in 

Table 2 List of microparticulate products currently approved 
for use (82,83)

Drug Approval year Polymer used
Disease 
treated

Buserelin 
acetatea

1988 Poly(D,L-
lactide-co-
glycolide)

Endometriosis, 
uterine 
myoma

Goserelin 
acetate

1989 Poly(lactic 
acid)

Breast and 
prostate 
cancer

Leuprolide 
acetate

1997 Poly(D,L-
lactide-co-
glycolide)

Prostate 
cancer

Octreotide 
acetate

1998 Poly(D,L-
lactide-co-
glycolide)

Acromegaly

Somatotropin 
(rDNA 
origin)

1999 Poly(D,L-
lactide-co-
glycolide)

Growth 
hormone 
defi ciencies, 
growth 
failures

Triptorelin 
and 
derivative 
(acetatea, 
pamoate, 
embonatea)

2000 (acetate), 
2000 
(pamoate), 
2005 
(embonate) 
2010for 
6-month 
dose 
(pamoate)

Poly(D,L-
lactide-co-
glycolide)

Prostate 
cancer, 
endometrio-
sis, uterine 
fi broids 

Minocycline 
HCl

2001 Poly(D,L-
lactide-co-
glycolide)

Peridontal 
disease

Risperidone 2003 Poly(D,L-
lactide-co-
glycolide)

Schizophrenia

Estradiol 
benzoate

2003 Poly(lactic 
acid)

Cattle growth 
supplement

Bromocriptine 2005 Poly(D,L-
lactide-co-
glycolide)

Hyperprolac-
tinemia, 
Parkinson 
disease

Naltrexone 2006 Poly(D,L-
lactide-co-
glycolide)

Alcohol 
dependence

Lanreotide 
acetate

2007 Poly(D,L-
lactide-co-
glycolide)

Acromegaly

aNot approved for use in the U.S.
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 Donbrow M, ed. Microcapsules and Nanoparticles in Medicine 
and Pharmacy. Boca Raton, FL: CRC Press, 1992: 149–56.

3. Ying M, Thomasin C, et al. A single administration of tetanus 
toxoid in biodegradable microspheres elicits T cell and anti-
body responses similar or superior to those obtained with alu-
minum hydroxide. Vaccine 1995; 13: 683–9.

4. Equivalent diameter. In: McNaught AD, Wilkinson A, eds. 
IUPAC Compendium of Chemical Terminology. Oxford, UK: 
Blackwell Science Ltd, 1997: 2184.

5. Bungenberg de Jong G. Complex colloid systems (Chapter X), 
In: Colloid Science. New York: Elsevier, 1949.

6. Mathiowitz E, Kreitz MR, eds. Microencapsulation. In: Mathio-
witz E, ed. Encyclopedia of Controlled Drug Delivery. Vol. 2 
New York: John Wiley and Sons, Inc, 1999: 493–546.

7. Mohanty B, Bohidar HB. Systematic of alcohol-induced simple 
coacervation in aqueous gelatin solutions. Biomacromolecules 
2003; 4: 1080–6.

8. Weiss G, Knoch A, et al. Simple coacervation of hydroxypropyl 
methyl cellulose phthalate (HPMCP). I. Temperature and pH 
dependency of coacervate formation. Int J Pharm 1995; 124: 
87–96.

9. Ghosh SK. Functional coatings and microencapsulation: a gen-
eral perspective. In: Functional Coatings: By Polymer Micro-
encapsulation. Weinheim, FRG: Wiley-VCH Verlag GmbH & 
Co. KGaA, 2006.

10. Thomasin C, Nam-Tran H, Merkle HP, Gander B. Drug micro-
encapsulation by PLA/PLGA coacervation in the light of ther-
modynamics. 1. Overview and theoretical considerations. 
J Pharm Sci 1997; 87: 259–68.

11. Huang YI, Cheng YH, Yu CC, et al. Microencapsulation of 
extract containing shikonin using gelatin-acacia coacervation 
method: a formaldehyde free approach. Colloids Surf Biointer-
faces 2007; 58: 290–7.

12. Guo HL, Zhao XP. Preparation of microcapsules with narrow-
size distributions by complex coacervation: effect of sodium 
dodecyl sulphate concentration and agitation rate. J Microen-
capsul 2008; 25: 221–7.

13. Hashidzume A, Ohara T, Morishima Y. Coacervation of hydro-
phobically modifi ed polyanions by association with nonionic 
surfactants in water. Langmuir 2002; 18: 9211–18.

14. Santhi K, Dhanaraj SA, Joseph V, et al. A study on the prepara-
tion and anti-tumor effi cacy of bovine serum albumin nano-
spheres containing 5-fl uorouracil. Drug Dev Ind Pharm 2002; 
28: 1171–9.

15. Thies C. A survey of microencapsulation processes. In: Benita 
S, ed. Microencapsulation: Methods and Industrial Applica-
tions. New York: Marcel Dekker, 1996: 1–20.

16. Janssen LJJM, Boersma A, te Nijenhuis K. Encapsulation by 
interfacial polycondensation. III. Microencapsulation; the 
infl uence of process conditions on wall permeability. J Membr 
Sci 1993; 79: 11–26.

17. Danicher L, Gramain P, Frere Y, Le Calve A. Model capsules I. 
Synthesis, characteristics and properties of millimetric polyam-
ide capsules. Reactive Funct Polymers 1999; 42: 111–25.

fentanyl (73); non-steroidal anti-infl ammatory drugs 
(NSAIDs) such as ibuprofen (74) and diclofenac (75); hor-
mones such as growth hormones (76), and sex hormones 
(77); and antibiotics such as amphotericin (78). More recent 
developments include the use of polymeric microspheres for 
the delivery of DNA vaccines (79). Initially PLGA was used 
as the encapsulating polymer with some success; however, 
the drug stability issues within the polymeric matrix quickly 
became a concern and other polymers such as poly(ortho 
esters) (80) and poly-β-amino esters (81) were investigated.

CONCLUSIONS
Microencapsulation has become one of the most widely 
investigated fi elds in the pharmaceutical arena. A variety of 
microencapsulation methods are currently available and 
novel techniques are continuously being discovered and 
developed. Although several microencapsulated products are 
commercially available, there still exists a wide gap between 
the practical applications and full potential of this technology. 
Bridging this gap depends on a deeper understanding of the 
mechanisms involved in microencapsulation processes as 
well as better assessment of drug and polymer specifi c prop-
erties. Major issues that need to be addressed include how to 
control drug release to achieve desired release profi le, how to 
maintain the stability and activity of the encapsulated drug 
(especially biomacromolecules), and how to effectively 
direct microparticles to target pathological site. Additionally 
more emphasis should be put on the transfer of bench-scale 
processes to manufacturing scale. Overcoming these chal-
lenges will advance microencapsulation technology to a new 
level that will allow increasingly more sophisticated pharma-
ceutical drug systems to be realized.

CHAPTERS OF FURTHER INTEREST
Drug Delivery: Controlled Release, p. 
Emulsions and Microemulsions, p.
Microsphere Technology and Applications, p. 
Nanofabrication for Drug Delivery, p. 
Polymeric Delivery Systems for Poorly Soluble Drugs, p. 
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