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INTRODUCTION

Microencapsulation is one of the most intriguing fields in
the area of drug delivery systems. It is an interdisciplinary
field that requires knowledge of the field of pure polymer
science, familiarity with emulsion technology (1), and an
in-depth understanding of drug and protein stabilization
(2). In the early 1970s this area was considered more of an
art than a science because most of the research was de-
veloped in pharmaceutical companies and very little infor-
mation was discussed in scientific meetings. Today, the
topic of microencapsulation is extensively studied inside
major pharmaceutical companies and universities as well
as research institutes. Some journals are now solely dedi-
cated to the area of microencapsulation (e.g., Journal of
Microencapsulation). Although scientists at the beginning
of the 1970s were primarily concerned with the encapsu-
lation of dyes to produce carbonless paper, scientists today
have mastered the technology to such a level that cells as
well as delicate proteins and genes can be encapsulated.
Because two entries in this encyclopedia are dedicated to
liposomes and nanoparticles, they are not going to be dis-
cussed in this article. In addition, traditional methods such
as coating are discussed in a separate article related to
coatings. This article is divided into three main sections.
In the first section we discuss general aspects of polymer
topics related to microencapsulation. Then we describe in
more detail the main methods of preparing microcapsules
and microspheres, and we end with a general summary of
the different fields of application of microencapsulation.

BACKGROUND

Classification of Microencapsulation Techniques

Microencapsulation is a technology devoted to entrapping
solids, liquids, or gases inside one or more polymeric coat-



ings (3-43). Two major classes of encapsulation methods
have evolved, chemical and physical. The first class of en-
capsulation involves polymerization during the process of
preparing the microcapsules. Examples of this class are
usually known by the name of interfacial polymerization
or in situ polymerization (44-49). The second type involves
the controlled precipitation of a polymeric solution wherein
physical changes usually occur. Several books examine the
different processes of microencapsulation, and readers are
strongly recommended to consult them (2,5,19,30,39,
42,49-58). Perhaps one of the best courses on the fabrica-
tion of microcapsules is given at the University of Wash-
ington by Dr. Thies.

There are a huge and increasing number of encapsula-
tion processes. In addition, many new patents evolve solely
on the basis of novel ways to produce microspheres. Thus,
many scientists try to develop a systemic nomenclature for
encapsulation classification. In Table 1 we classified the
different types of methods according to published litera-
ture. It is sometimes difficult to classify encapsulation
methods because specific techniques can be hybrids of two
or more methods or can use different mechanisms simul-
taneously. Also, many names have changed throughout the
years (e.g., solvent evaporation has been called water dry-
ing and double emulsion), and this can create confusion.

Interfacial polymerization involves the condensation of
two monomers at the interface of the organic and aqueous
phases. Polyamide capsules are a great example of this
system and are discussed later in this article (44-48).

Complex coacervation was the process used to make the
microcapsules in the first successful encapsulated product,
carbonless copy paper (11,14,22,27,29,32,59-66). Complex
coacervation encapsulation processes use the interaction
of two oppositely charged poly electrolytes in water to form
a polymer-rich coating solution called a coacervate (68).
This solution (or coacervate) engulfs the liquid or solid be-
ing encapsulated, thereby forming an embryo capsule.
Cooling the system causes the coacervate (or coating so-
lution) to gel via network formation. Gelatin is a primary
component of most complex coacervation systems.

Coacervation uses the common phenomenon of poly-
mer-polymer incompatibility to form microcapsules. The
polymer that is to become the capsule wall material is dis-
solved in a solvent and to this solution a second polymer
(called the phase inducer) is introduced. Because the two
polymers are incompatible, two polymer-rich phases form.

If drug particles are then introduced, one phase, rich in the
desired coating polymer, engulfs the drug being encapsu-
lated thereby forming embryo capsules. In principle, the
range of polymers that can be used in this process is es-
sentially infinite. In practice, the number of polymers that
have been used successfully is relatively small, for reasons
that will be discussed later.

The precipitation and/or gelation processes listed in Ta-
ble 1 cover many techniques. One example is the precipi-
tation of water-soluble polymers such as gelatin with
water-miscible solvents such as isopropanol. Other exam-
ples include the precipitation of ethyl cellulose from cyclo-
hexane by cooling, the gelation of sodium alginate with
aqueous calcium salt solutions (41,68-74), and the ther-
mally induced precipitation of proteins to form micro-
spheres. In all cases, the objective is to precipitate a
preformed polymer around the core (sometimes a multi-
particulate core) to cause encapsulation.

Salting-out also listed in Table 1, involves the addition
of salt to an aqueous polymer solution ultimately causing
the polymer to phase separate from solution. One potential
problem with this process is the possibility of incorporating
a relatively high concentration of salt in the final capsule
wall, as these salts may have an adverse effect on capsule
release behavior.

Solvent evaporation (18,36,75-80) is the most popular
way to accomplish encapsulation. A core material and cap-
sule wall material are briefly dissolved in a water-
immiscible, volatile organic solvent and the resulting so-
lution is emulsified in an aqueous solution. The solvent is
allowed to evaporate, thereby producing solid microcap-
sules or microparticles. Another version involves forming
a double emulsion where an aqueous core material solution
is emulsified in a polymer-volatile organic solvent solu-
tion. The resulting emulsion is emulsified in water giving
a double emulsion. Evaporation of the volatile solvent
yields a solid microcapsule with an aqueous core. Much of
the effort on encapsulation in the pharmaceutical field has
concentrated on using biodegradable polymers. A recent
review by Brannon-Peppas (43) describes some of these ad-
vances with both microparticles and nanoparticles.

Hot melt encapsulation was developed to avoid the use
of solvents throughout the process (81). Solvent removal
(82,83) was developed as a modification of the solvent
evaporation technique, using organic solvents as the ex-
tracting medium. In spray-drying, the evaporation of the

Table 1. Classification of Microencapsulation Methods

Process

Interfacial polymerization
Complex coacervation
Coacervation
Thermal denaturation
Salting-out
Solvent evaporation
Hot melt
Solvent removal
Spray-drying
Phase separation

Coating material

Water-soluble and insoluble monomers
Water-soluble polyelectrolyte
Hydrophobic polymers
Proteins
Water-soluble polymer
Hydrophilic or hydrophobic polymers
Hydrophilic or hydrophobic polymers
Hydrophilic or hydrophobic polymers
Hydrophilic or hydrophobic polymers
Hydrophilic or hydrophobic polymers

Suspended medium

Aqueous/organic solvent
Water
Organic solvent
Organic
Water
Organic or water
Aqueous/organic solvent
Organic solvents
Air, nitrogen
Aqueous/organic



solvent is achieved in a special, temperature-controlled cy-
clone. And finally, phase separation is a new method in
which a one-step precipitation of two polymers or more pro-
duces double-walled microspheres (84).

When someone is faced with the challenge of encapsu-
lating a substance, the first question should be, "What is
the final application of the product?" As examples, if the
final target is pesticide encapsulation, one must first
choose polymers that are stable and nonerodible, or if one
is to encapsulate therapeutic drugs such as proteins, the
choice of polymers becomes more restricted to bioerodible
ones. Once the polymer system is chosen, the next step is
to select an appropriate encapsulation method. This can
undertaken by either reviewing the relevant literature or
developing new methods of encapsulation. Once the correct
method of encapsulation has been determined the next
step is to prepare the microcapsules, ensuring reproduci-
bility, high encapsulation efficiency, and preservation of
the activity of the encapsulated substance. This is achieved
by thorough characterization, both before and after micro-
sphere fabrication. It is an integral component, necessary
for replication and optimization, and is discussed later in
this article.

Classification of Microspheres and Microcapsuies
Two general structures exist: microcapsules and micro-
spheres. A microcapsule is a system that contains a well-
defined core and a well-defined envelope: the core can be
solid, liquid, or gas; the envelope is made of a continuous,
porous or nonporous, polymeric phase. Figure Ia shows the
different microcapsule configurations; the drug can be dis-
persed inside the microcapsule as solid particulates with
regular or irregular shapes. Other forms may consist of a
pure or dissolved solution, suspension, emulsion, or a com-
bination of suspension and emulsion. Specific applications
sometimes require modifications, e.g., when proteins are
encapsulated they may contain stabilizers as well as the
active ingredient (2). Also, the core can be something other
than a chemical meant for release. An interesting appli-
cation is the encapsulation of gases for the use of ultrasonic
imaging (85-87). Alternatively, a microsphere is a struc-
ture made of a continuous phase of one or more miscible
polymers in which particulate drug is dispersed, at either
the macroscopic (particulates) or molecular (dissolution)
level (Fig. Ib). However, the difference between the two
systems is the nature of the microsphere matrix, in which
no well-defined wall or envelope exists. Different methods
of encapsulation result, in most cases, in either a micro-
capsule or a microsphere. For example, interfacial poly-
merization almost always produces a microcapsule,
whereas solvent evaporation may result in a microsphere
or a microcapsule, depending on the amount of loading.
Yet, one can use solvent evaporation twice to create a
sphere within a sphere, or as we discuss later, novel meth-
ods have been designed to use solvent evaporation to cre-
ate in one step a double-walled microsphere, which is es-
sentially a microcapsule (84).

Classification of Polymeric Membranes
Polymeric films and membranes can be classified in vari-
ous ways. One such classification is based on porosity, with
the following categories:

1. Macroporous membranes, which have large pores
(0. 1-1 jum)

2. Microporous membranes, in which the pores are ap-
preciably smaller (100-500 A)

3. Nonporous (gel, solution-diffusion) membranes. In
the last category the "pores" are of the order of mo-
lecular dimensions. They are formed by entangle-
ment and/or cross-linking of the molecular chains
and mesh size refers to the space between these
chains.

Release Characteristics of Microspheres and Microcapsules

Release of core material from a nonerodible micro-
capsule can occur in several ways. Figure 2 contains
four theoretical curves (A, B, C, and D) that describe
four types of release behavior. All curves are plotted as
percent drug released versus time. The mathematical
descriptions of these release processes have been given
(88-90).

Curve A represents the release behavior of a perfect,
nonerodible, spherical microcapsule which releases the en-
capsulated material by steady-state diffusion through a
coating of uniform thickness. The rate of release remains
constant as long as the internal and external concentra-
tions of core material and the concentration gradient
through the membrane are constant. If a finite time is
needed to establish the initial, constant concentration gra-
dient in the capsule wall membrane then there is a time
lag in core material release. Curve A in Figure 2 displays
a system with no time lag. If some of the encapsulated
material migrates through the microcapsule membrane
during storage, a burst effect occurs, as represented by
Curve B. If the microcapsule acts as an inert matrix par-
ticle in which core material is dispersed (a microsphere),
the Higuchi model is valid up to 60% release (91). In this
case, a plot of percent drug released versus square-root
time is linear, as shown by Curve C in Figure 2. First-order
release is represented by Curve D. The curve is linear if
log percent core material left in the capsule is plotted ver-
sus time.

Actual capsule release data have been plotted for all of
the described ways and analyzed in terms of the appropri-
ate model. Good agreement between actual results and as-
sorted model release curves may exist for some portion of
the release curve, but significant deviations occur often,
either during initial states of release or after most of the
core material carried by a capsule sample has been re-
leased. Many capsule samples experience an unusually
rapid rate of release when first immersed in an in vitro
release medium, i.e., they have a large burst effect. First-
order release plots tend to fit a broader range of capsule
release data than other plots. It is relevant to note that
proper adjustment of the release constant in the first-order
release equation can make a first-order release curve ap-
proximate, within a few percent, the release curve calcu-
lated from the Higuchi equation up to 60% release. If mi-
crocapsule release data are linear with square root of time
and also fit a first-order release plot, the expression most
accurately describing the release behavior can be deter-
mined by plotting the total amount of drug released (Q')



Figure 1. Various configurations of
(a) microcapsules and (b) micro-
spheres.

and 1/Q' versus release rate. For the first-order release,
Q' is directly proportional to release rate whereas for
square root of time release, 1/Q' is directly proportional to
release rate.

The desire to fit capsule release data to various models
is worthwhile. However, it must be recognized that the ac-
tual release kinetics of microcapsules and microspheres
can vary greatly from those developed to describe release
from macroscopic controlled release delivery devices. Mi-
crocapsules are small particles and even small doses con-
tain many microcapsules. The release behavior of a micro-
capsule formulation is the sum of the release of a
population of microcapsules (38,39). This population con-
sists of individual microcapsules that differ from each
other in the quality of their walls. Some capsule walls are
more permeable than others because of irregularities,
which may appear as pits or craters under a scanning elec-

tron microscope. Dappert and Thies (38,39,47) discussed
the release behavior of microcapsule populations. One
capsule population considered contained microcapsules
that individually released their contents at a constant
rate, but the individual release rate constants fit a log-
normal distribution. For such a capsule population, the
predicted release curve will approximate first-order re-
lease kinetics.

All microcapsule release behaviors reported in the lit-
erature represent microcapsule populations and not indi-
vidual microcapsules. Therefore, the successful replication
of microcapsule preparations and confirmation of repro-
ducible release rates is an optimal result. The Lupron
Depo®, a product already in the marketplace, demon-
strates that these milestones can be achieved. In the fol-
lowing section, we discuss the specific releases as relevant
to the specific encapsulation methods.

Gaseous core Solid core Liquid core

Spherical Spherical Irregular Pure or dissolved
drug

Suspension

Irregular Matrix Multi-
corn partmental

Emulsion Emulsion-
suspension

Gaseous Solid Liquid

Spherical Spherical Solid solution Pure or dissolved
drug

Suspension

Irregular Irregular Emulsion Emulsion-
suspension



Figure 2. Theoretical release curves expected for different types
of nonerodible delivery systems. A, Membrane reservoir-type free
of lag time and burst effects; B, same as A, with burst effects;
C, matrix or monolithic sphere with square root time-release;
D, system with first-order release.

Emulsion Formation

The first step in almost any encapsulation technique (de-
scribed in Table 1) involves the formation of an emulsion,
usually of a polymeric solution inside a continuous phase
(1). Similarly, in order to disperse the drug inside this poly-
meric solution (assuming a nonsoluble drug), emulsions
must be created. Thus, an understanding of the properties
of emulsions is extremely important. The emulsion for-
mation determines the resulting particle size in the final
process of encapsulation. An emulsion is achieved by ap-
plying mechanical energy which deforms the interface be-
tween the two phases to such an extent that droplets form.
These droplets are typically large and are subsequently
disrupted or broken up into smaller ones. The ability to
disrupt the larger droplets is a critical step in emulsifica-
tion and in encapsulation where an emulsion is prepared.
When considering dyes as the main encapsulate, the prob-
lems involved at this stage can be minor because most dyes
are quite stable. However, drugs (e.g., labile proteins) or
cells may be destroyed by the application of mechanical
shear and, if necessary, preventive measures should be
taken to stabilize these, even at this stage of the process.

A suitable surfactant is needed to produce a stable
emulsion, a result achieved by lowering the surface tension
(y, usually from 40 to 5 mN/m"1). For pharmaceutical ap-
plications surfactants must acceptable for therapeutic use
(92).

Many devices have been designed to produce emulsions.
Depending on the desired particle size, a range of devices
from simple overhead stirrers or impellers to more sophis-
ticated devices such as homogenizers, ultrasonic power
generators, or ball and roller mills are available. The fol-
lowing is a list of techniques and equipment used to form
emulsions. Also, an excellent reference is Chapter 2 in
Becher (1).

1. Shaking. Shaking is self-evident but in many en-
capsulation techniques countertop shakers or agi-
tators are used.

Time

2. Pipe flow: laminar and turbulent. Pipe flow may in-
clude constriction on the flow baffles on which the
liquid can infringe to increase the velocity gradient
or turbulence.

3. Injection. The dispersed phase is injected into a con-
tinuous phase as a cylindrical jet, where it is broken
up into fairly large droplets.

4. Stirring: simple stirrert rotor-stator, scraper, and vi-
brator. Many types of stirring exist, e.g., for pumps
revolution rates up to 300/s. Rotor-stator machines
exist in great variety and are described under the
name of homogenizers. In the laboratory the name
"Ultra Turrax" is often used.

5. Colloid mill. This is a rotor-stator device as well,
with the exception of having a very narrow slit (e.g.,
0.1 mm) and is designed to achieve very high (sim-
ple) shear up to 1O7S"1.

6. Ball and roller mills. These are more suited for dis-
ruption of solid particles or very viscous emulsion
droplets.

7. High-pressure homogenizer. In the homogenizer the
liquid is brought under a high pressure ph (e.g., 10
to 40 MPa) by a positive pump and is forced through
a narrow (e.g., 0.1 mm) valve slit; owing to the pres-
sure, the valve opens against a spring. The poten-
tial energy is converted into kinetic energy as the
liquid obtains a high velocity u (ph = _u2/2; u is,
e.g., 200 m s"1). The kinetic energy is dissipated
into heat during passage through the valve. This
takes a very short time (0.1 ms); so energy density
is very high (up to 1012 Wm"3).

8. Ultrasonic: vibrating knife and magneto-striction.
Ultrasonic waves can be generated in many ways.
A common one is the "liquid whistle" or Pohlmann
generator. The liquid stream impinges on a knife or
blade, which is then brought to vibrate at high fre-
quency (6-40 kHz); the liquid is forced through a
narrow slit at speeds over 50 m s~ *, which requires
a pressure of some 1 MPa or more. Magneto-
striction devices often work at a frequency of 20
kHz.

9. Aerosol to liquid: mechanical and electrical. One
may atomize the dispersed phase in air and let the
droplets be taken up by the continuous phase.

10. Foaming or boiling. Some oils spread over a water-
gas interface. If air is beaten in or the water boiled,
the thinly spread oil layer is disrupted, and very
small droplets may result. This may happen as an
additional mechanism during various stirring
operations. Also by steam injection, droplets can be
disrupted to very small ones, though at high cost of
steam.

Some of the methods are exclusively used in laboratories
such as shaking, vibrator stirring, magneto-striction ultra-
sonic systems, and aerosol to liquid systems. For large-
scale production of emulsions, rotor-stator stirring, col-
loidal mills, and high-pressure homogenizers are most
often used, with some newer processes also using ultra-
sonic techniques.
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Evaluation of Emulsions

Three types of characteristics are critical in evaluating an
emulsion procedure, each with its own methods of evalu-
ation (1). They can easily be adapted to encapsulation tech-
niques such as solvent evaporation or interfacial polymer-
ization. The parameters that should be studied are:

1. Emulsion capacity. The maximum amount of dis-
persed phase that can be emulsified under specific
conditions without causing aggregation.

2. Emulsion stability. The amount of phase separation
taking place, mostly by the sedimentation rate,
which is estimated either under by gravity or by cen-
trifugation. The governing theory is that sedimen-
tation rate depends on droplet size. This relation,
however, may not be so simple because sedimenta-
tion rate depends on fluctuation of the droplets and
their apparent viscosity at very low velocity gradi-
ents of the continuous phase. This condition may
also be affected by the variables studied, leading to
misinterpretation. In microcapsules this first step is
important because once the emulsion is stabilized
the next step of hardening the capsules follows.

3. Droplet size. This may be some kind of average or
full distribution. Sometimes the number of drops is
determined, or some characteristic, depending on
the drop size, such as turbidity under specific con-
ditions. Droplet size distribution may change after
emulsification. This can be due to coalescence but it
also may be due to isothermal distillation, unless the
dispersed phase is completely insoluble in the con-
tinuous one. Again, the initial size of the emulsion
may differ from the final size of the microspheres or
microcapsules.

Determination of droplet size distribution as function of
the process and product variables is by far the best method
to study emulsification, particularly in microencapsulation
where the process does not stop at the point of making the
emulsion, but continues to the further steps of formation
of hard particles. Particle comparison between the original
size of the emulsion and the final size of the microsphere
is beneficial.

Phase Properties of Emulsion: Hydrophilic-Lipophile Balance

One of the important parameters in studying emulsions is
the selection of a surfactant which satisfactorily emulsifies
the different phases. For this, the hydrophilic-liphophile
balance (HLB) is a useful index. The concept of HLB in its
early stage was qualitative; however, schemes designed to
put this concept on a quantitative basis have been ad-
vanced and a new method, which takes into consideration
the temperature and the kind of oil used, has been intro-
duced. Around 1950 Griffin [see also Schick (93)] found
that it was possible to define the polarity for nonionic
agents in terms of an empirical quantity which he called
the HLB. This is represented by an arbitrary scale, in
which the least hydrophilic materials have low HLB num-

bers and increasing HLB corresponds to increasingly hy-
drophilic character. Broadly, these HLB numbers can be
used to characterize the applicability of particular surfac-
tant. In a given homologous series of surfactants there is
a range in which the HLB is optimal for a particular ap-
plication. Table 2 lists the HLB ranges suitable for various
applications.

In many cases the HLB number may be calculated from
composition data. For example, for fatty acid esters of
many polyhydric alcohols,

HLB = 2o(l - | j (1)

where S is the saponification number of the ester and A is
the acid number of the fatty acid. In another example, for
glyceryl monostearate, S = 161 and A = 198; hence, its
HLB is 3.8.

For some fatty acid esters it is not practical to obtain
good saponification-number data, e.g., esters of tall oil and
rosin, beeswax, and lanolin fatty acids. However, for these,
the HLB may be calculated from the relation

E + P
HLB = = - ^ - (2)

o
where E is the weight percent of oxyethylene content and
P is the weight percent of polyol content.

For materials where only ethylene oxide is used to pro-
duce the hydrophilic moiety, e.g., fatty-alcohol ethylene ox-
ide adducts, this equation reduces to

HLB = E/5 (3)

where E has the same meaning as above.
The use of weight percent in these equations is quite

significant, because a better dependence of micellar prop-
erties on chain length is found when this quantity is used
rather than the ethylene oxide mole ratio.

Davies devised a method for calculating HLB numbers
for surfactants directly from their formulae using empiri-
cally derived group numbers. Thus, a group number is as-
signed to various component groups in emulsifiers, e.g.,
CH3-CH2-COO-, -CH2CH2O, etc., and the HLB is then cal-
culated from the following relation (94):

HLB = 7 + 27(hydrophilic group numbers)
- 27(lipophilic group numbers) (4)

For a number of cases, Davies (94) has shown that the
HLB numbers calculated from the previous equation and

Table 2. HLB Ranges and Applications

Range Application

3-6 W/O emulsifier
7-9 Wetting agent
8-15 OAV emulsifier

13-15 Detergent
15-18 Solubilizer

Source: From Ref. 93.



those experimentally determined are in satisfactory agree-
ment. However, this equation contains the implicit
assumption that all ethylene oxide groups make the same
hydrophilic contribution, which is manifestly incorrect
(94), and the equation fails with increasing poly-
(oxyethylene) content.

Additional techniques can be used to determine HLB.
These include water titration, algebraic addition of contri-
bution from various groups making up the chemical struc-
ture from spreading, and by measurements of such prop-
erties as dielectric constant, and behavior as a substrate
in gas-liquid chromatography [see Schick (95), pp. 607-
613].

A rough estimate of HLB can frequently be made on the
basis of water solubility or dispersibility. Table 3 shows the
ranges of HLB numbers indicated by various types of dis-
persibility. An up-to-date listing of HLB numbers for a
large range of emulsifying agents (including a few ionic
species) is given in Schick (95).

A valuable attribute of the HLB scale is that the HLB
of mixtures of surfactants can be calculated (to a good first
approximation, at least) by algebraic addition. For exam-
ple, a blend containing 4 parts of Span® 20 and 6 parts of
Tween® 60 would have an effective HLB of:

0.4 X 8.6 + 0.6 X 14.9 = 12.3 (5)

It has recently been shown that this algebraic additivity
is not strictly obeyed, but the deviation is usually suffi-
ciently small so that the system is insensitive to the dis-
crepancy. In a few cases, the requirements may be more
stringent, but this merely requires final adjustment of the
composition of the emulsifier.

As a corollary to the previous discussion, each nonaque-
ous phase to be emulsified has a required HLB, which is of
course different depending on whether water or oil is to be
the continuous phase. The required HLB for a particular
oil is usually determined by preparing emulsions over a
range of HLB values (obtained, for example, by blending
Span® and Tween® emulsifiers in various proportions) and
observing the HLB at which maximum stability occurs. A
list of required HLB values for a variety of oil phases is
given in Table 4.

Using a particular emulsifier pair, the HLB correspond-
ing to maximum stability may result, however, in an emul-
sion insufficiently stable for the purpose desired. In this
case, it may be necessary to examine the effect of the chem-
ical type of the emulsifying agent, i.e., substituting an ole-
ate for a stearate, or an ether-type nonionic for an ester.

Table 3. HLB by Dispersibility

HLB range

No dispersibility in water 1-4
Poor dispersion 3-6
Milky dispersion after vigorous agitation 6-8
Stable milky dispersion 8-10
Translucent to clear dispersion 10-13
Clear solution 13 +

Source: From Ref. 94.

Table 4. HLB Values Required to Emulsify Various 0:1
Phases

In each case, however, the required HLB is equal to (or
nearly equal to) the required HLB determined in the initial
experiment.

Geiger et al. (96) studied the behavior of a WfOiW mul-
tiple emulsion formulation as potential controlled delivery
system. The authors were interested in understanding the
release due to a swelling-breakdown phenomenon. The
breakdown was caused by the water flow from the external
aqueous phase to the internal aqueous phase. Various ex-
perimental analyses, such as granulometry, rheology, and
conductimetry, as well as a micropipette aspiration
method, were used to study the stability of W/OAV emul-
sions. The predominant role of the lipophilic surfactant
during the swelling phase was confirmed. Two different
mechanisms were proposed and both imply that the mi-
gration of the lipophilic surfactant from one interface to
another takes place successively. The lipophilic surfactant
could diffuse from the first to the second interface, thus
rigidifying the membrane, or from the oily phase to the
first interface, resulting in delayed coalescence of the aque-
ous droplets during swelling. Thus, the more lipophilic the
surfactant, the more the oil globule capacity increases and
the more the release is delayed.

Polymer Characterization

A broad range of polymers can be used to form microcap-
sules. However the list of polymers approved for used in

Oil phase

Acetophenone
Acid, dimer
Acid, lauric
Acid, linoleic
Acid, oleic
Acid, ricinoleic
Acid, stearic
Alcohol, cetyl
Alcohol, decyl
Alcohol, lauryl
Alcohol, tridecyl
Benzene
Carbon tetrachloride
Castor oil
Chlorinated paraffin
Kerosene
Lanolin, anhydrous
Oils

Mineral, aromatic
Mineral, paraffinic

Mineral spirits
Petrolatum
Pine oil
Waxes

Beeswax
Candelilla
Carnuba
Microcrystalline
Paraffin

Source: From Ref. 93.

W/O emulsion

8

4
4

4

5

4

OAV emulsion

14
14
16
16
17
16
17
15
14
14
14
15
16
14
8

14
12

12
10
14
7-8
16

9
14-15

12
10
10



oral and/or parenteral drug formulations is limited. This
list includes proteins, polysaccharides, cellulose deriva-
tives, synthetic polyesters developed as synthetic suture
materials, poly anhydrides, and polyphosphazene. Char-
acterization data for candidate polymer wall materials can
play an important role in the development of a successful
and reproducible encapsulation procedure. Thus, consid-
erable attention should be paid to obtaining meaningful
characterization data for polymer samples being used to
form microcapsules. All the physical properties allow bet-
ter fit of individual polymers to the correct encapsulation
techniques. For example, it is not recommended to use
polyanhydrides in solvent evaporation because the poly-
mer may degrade during the process of encapsulation.
Once the microcapsules are made, a new series of charac-
terizations are required because morphological changes oc-
cur during encapsulation.

Phase Separation of Polymers

A wide range of polymer phase separation can be used to
encapsulate materials: interfacial coacervation, binary
polymer/solvent systems, polymer/solvent/nonsolvent sys-
tems, polymer/polymer/sol vent systems, complex coacer-
vation, and salting-out.

All these processes provide a way to surround each dis-
crete internal phase droplet or particle of drug with ho-
mogeneous and reliably concentrated polymeric layers
which can be later solidified in some manner to form a
stable capsule. Thus, the next section addresses the gen-
eral concepts of phase separation relevant to microencap-
sulation.

Interfacial Coacervation. The first example of a suitable
phase separation process is the case of polymer adsorption,
which Chang (49) has used to prepare small capsules. In
this process, polymer dissolved in an organic phase mi-
grates to the water-organic liquid interface where it pre-
cipitates spontaneously from solution to form a membrane.
Chang calls this interfacial coacervation. Phase separation
occurs spontaneously. An example of this process is the
emulsification of an aqueous protein solution in diethyl
ether using an oil-soluble nonionic surfactant. Span® 85,
sorbitan trioleate, is preferred because it does not denature
the protein. Chang used collodian nitrocellulose as the wall
structure.

The emulsification process gives microcapsules that can
be separated from much of the ether suspending medium
and resuspended in rc-butyl benzoate. ra-Butybenzoate was
selected because it is a poor solvent for collodian, a water-
immiscible solvent, and a solvent with a density of 1.0. The
suspension is left uncovered in order to allow evaporation
of ether.

Chang often uses collodian (i.e., nitrocellulose) as the
wall material, but stresses that microcapsules (or mem-
branes) also can be formed in interfacial coacervation or
precipitation of other polymers using different solvents
(e.g., polystyrene in benzene). The success of this proce-
dure depends on having a sufficiently high initial protein
concentration in the aqueous phase. Microencapsulation
usually is not possible with a very dilute solution of pro-

tein. Nothing more was noted about the mechanism
whereby the protein (and probably the emulsifying agent
in the system) influences the oil/water interfacial tension
(}Vw) o r n o w changes in y0/w influences precipitation of the
oil phases' polymer.

Phase Separation in Binary Polymer/Solvent Systems. The
most conventional phase equilibria involving nonionic
polymers dissolved in organic solvents have been discussed
extensively by Flory (97). Flory's book focused on systems
where all phases formed are completely liquid in nature
and several systems of this nature play a key role in mi-
croencapsulation. The simplest case is of a binary system
containing polymer and solvent. Figure 3 is a phase dia-
gram of this system. Temperature changes alone are used
to induce phase separation. Assuming a monodisperse
polymer, phase separation is characterized by formation of
two distinct phases, one rich in polymer and the other con-
taining little polymer. Under equilibrium conditions,
chemical potentials of the solvent (Ju1) and polymer (//2) in
Phase I equals that in Phase II (i.e., ju\ — //?; /4 = /41)-
Furthermore, at some critical temperature (T"c), incipient
phase separation will take place:

№) = 0 ; ( ^ ) =0 (6)
\ 80% /T,P \dt>2/T,P

and from these relations it can be shown that:

»2C = Ep x i c = o + 1? ( 7 )

1 + yX ^ JX

where t>2 = volume fraction of polymer, v2c = critical vol-
ume fraction of polymer, X = number of segments in a
given polymer molecule, and X1C = critical value of
polymer-solvent interaction free energy. For this simplest
case, theoretical binodials can be calculated and compared
with experimental values. Such binodials have some im-
portant features. First, v2C is predicted to be small, and
this is confirmed by experimentation. In addition, at tem-
peratures well below Tc, the dilute phase may retain an
unappreciable amount of solute (especially true at higher

Figure 3. Phase separation in a two-phase system (polymer/
solvent) induced by temperature.

Polymer concentration



Mw values). However, even the so-called concentrated
phase contains a large amount of solvent which means that
the system is still liquid in nature and thus could flow and
engulf the core.

Thus, lowering the temperature (T) of a polymer-
solvent mixture at constant D2 and Mw often is a simple
method of inducing phase separation and thereby obtain-
ing a "polymer-rich" phase which can form a capsule wall.
This could, in principle, be accomplished at constant T and
D2 by increasing Mw (i.e., continuing polymerization of the
polymer). Alternately, at constant T and Mw, D2 could be
varied. Of course, if encapsulation is to occur, the polymer-
rich phase must engulf at the internal phase. That is, for-
mation of a concentrated polymer-rich phase having a low
total volume does not necessarily mean adsorption and en-
capsulation occurs. Adsorption of this polymer-rich phase
is a prerequisite for wall deposition (see next section) and
may not be achieved in many cases.

Phase Separation in Polymer/Solvent/Nonsolvent Systems.
A second method to produce phase separation involves ad-
dition of nonsolvent to a polymer-solvent system (Fig. 4).
In such a case one moves from a two- to a three-component
system (polymer/sol vent /nonsolvent), thereby grossly com-
plicating theoretical calculations. Nevertheless, it still is
true that at equilibrium, chemical potentials of each com-
ponent must be equal in the two phases:

A = /i?; A = № = $ (8)

where subscripts 1, 2, and 3 refer to nonsolvent, solvent,
and polymer, respectively. If it is assumed:

V1 = V2; X23 = O; X12 = X13 = 1.5 (9)

(V1 = molar volume solvent; V2 = molar volume nonsol-
vent; X23 = polymer— solvent interaction free energy; X12

= solvent-nonsolvent interaction free energy; and X13 =
polymer-nonsolvent interaction free energy), a special
case which can be solved is obtained and theoretical bino-

dials can be calculated. Binodials calculated in this man-
ner have critical points which occur at low polymer con-
centrations. This concentration decreases as Mw increases.
As the binodial merges with the solvent-nonsolvent axis,
at point D in Figure 4, the polymer concentration in the
dilute phase becomes negligible (i.e., approaches zero) if
the nonsolvent just slightly exceeds that required at the
critical point. Thus, a two-phase system is formed with one
phase relatively rich in polymer and the other containing
relatively little polymer and mostly solvent. Provided the
polymer molecules in the polymer-rich phase adsorb at the
internal phase-solution interface, encapsulation occurs. A
possible problem with systems of this type is that the non-
solvent could be of such a nature that it is preferentially
absorbed by the internal phase and thereby prevents en-
capsulation even though phase separation occurs. An ad-
ditional important point is that a mixed solvent system
usually cannot be treated like a single solvent system.
Generally speaking, the nonsolvent-solvent ratios differ
markedly for the two phases in equilibrium whose com-
positions are indicated by the ends of the tie line. Only if
P 12 — /*23 will the solvent compositions in each phase be
similar (they are equal if //13 = //23). A large difference be-
tween JUi3

 a nd// 2 3 favors absorption of the better solvent in
the polymer-rich phase and this undoubtedly contributes
to serious aggregation problems when efforts are made to
prepare microcapsules by encapsulation processes involv-
ing polymer solvent-nonsolvent mixtures.

Phase Separation in Polymer/Polymer/Solvent System. A
third type of phase separation occurs in systems contain-
ing mixtures of two chemically different polymers, as seen
in Figure 5. In such cases, formation of true polymer-in-
polymer solutions is rarely observed. This is particularly
true for polymer mixtures free of solvent. In the presence
of solvent, two phases are generally formed under all but
dilute solution conditions. The inability of two polymers to
mix has led to the general rule of polymer-polymer incom-
patibility. This incompatibility has proved to be a problem
in many cases where homogeneous mixtures of two poly-

Solvent
100%

Solvent
100%

100%
Nonsolvent

100%
Polymer

100%
Polymer I

100%
Polymer Il

Figure 4. Phase separation diagram for a polymer/solvent/
nonsolvent system.

Figure 5. Phase separation diagram for a polymer/polymer/
solvent system.



mers are desired (e.g., polymer blends, cases of plastici-
zation), but it is a very important phenomena for use as
an encapsulation technique; particularly, our group has
used it to make double-walled microspheres in one step
(84).

Polymer-polymer incompatibility is a widely encoun-
tered phenomenon because the free energy change occur-
ring when the two polymers are mixed is generally >0. The
free energy of mixing (JGm) can be described by:

AGm = ARm - TASm ( 1 Q )

For two polymers: zfSm is small.

JHm generally is >0 (i.e., endothermic mixing). ASm is
so small that even if the heat of mixing (per segment) is
just greater than zero, polymer-polymer incompatibility
would occur. Thus, the widespread nature of incompatibil-
ity is attributable to the small contribution of the JS m term
and the tendency for polymer-polymer mixing processes to
be endothermic in nature (i.e., ^Hm > O).

It was originally predicted that polymer-polymer in-
compatibility is not influenced by the solvent used. That
is, polymer pairs incompatible in one solvent are incom-
patible in all solvents. This often has been found to be the
case, provided that the same molecular weight of polymer
is used, but exceptions do exist. Theoretical phase dia-
grams developed for specific monodisperse model systems
also revealed that polymer/polymer/solvent phase sepa-
rations are characterized by formation of two phases, each
of which contains essentially only one of the two polymers
involved. Figure 5 is a phase diagram of such a system.
The higher the Mw, the sharper the separation of the two
polymers. These features have been confirmed experimen-
tally by numerous workers and by our group. The actual
phase separation process is influenced by such factors as
solvent, temperature, nature of the two polymers involved,
and their initial concentrations and the molecular weights.
Complete separation of two polymers is not always
achieved by polymer-polymer incompatibility. In most
cases of encapsulation by phase separation, the low molec-
ular weight polymers commonly used to induce phase sep-
aration become entrapped in the microcapsule wall,
thereby affecting properties of the wall. Our experience
with polymers such as polylactide and polystyrene withMw

in the range of 20,000 to 50,000 always showed complete
solubility of 15% WAV, where used with polymer ratios
of 1:1.

The importance of polymer-polymer phase separation
in encapsulation is its capability to consistently form a dis-
tinct, relatively concentrated polymer phase which, if the
polymer is adsorbed by the internal drug phase, readily
wraps it completely thereby forming a capsule.

These methods are theoretically applicable to encap-
sulation of both water-soluble and water-insoluble sub-
stances. However, when water-insoluble solids or liquids
must be encapsulated, an additional useful form of poly-
mer phase separation phenomena is encountered, complex
coacervation.

Complex Coacervation. Complex coacervation is the
spontaneous liquid-liquid phase separation that fre-

quently occurs when solutions of oppositely charged poly-
electrolytes are mixed in the same solvent (usually water).
It is encountered in biological systems and differs funda-
mentally from the polymer-polymer incompatibility men-
tioned earlier in that one phase contains most of the two
polymers whereas the second phase is a dilute polymer
solution. Figure 6, a phase diagram for the gelatin-gum
arabic-water complex coacervation system, illustrates this
point. Polymer-polymer incompatibility yields two phases
with each containing predominately one of the two poly-
mers.

Significantly, complex coacervation is truly a complex
phenomenon. Polyelectrolytes useful for coacervation come
in all shapes and forms with varying numbers and types
of charged sites distributed along the polymer chains. The
polyelectrolytes may have charged sites that are fully ion-
ized at all pH values (e.g., SO3) or sites where the group is
weakly ionized (e.g., COOH), and the degree of ionization
varies strongly with pH. Both positively and negatively
charged sites can be on the same molecule (polyampho-
lytes). Furthermore, many useful polyelectrolytes are nat-
ural gums, biopolymers, etc., and they often (usually) have
complex structures which are not fully resolved. These fac-
tors grossly complicate matters, especially when rigorous
analyses of such processes are desired.

The best known example of complex coacervation is the
gelatin-gum arabic (GGA) system studied by Bungenberg
de Jong and co-workers (57). Additional studies by Veis
(98) have shown that the interaction of two gelatins of dif-
fering ionic points (pi = 5.0 and pi = 9.0) also provides
an example of complex coacervation. Each polymer pair
(under proper pH conditions) interacts to form a complex
which appears as a concentrated, separated phase (i.e., co-
acervate). Temperatures of 4O0C are used in order to obtain
the so-called coacervate in a liquid state. These complexes
are not the precipitated complexes formed by interacting
oppositely charged polyelectrolytes of high charge density.
For proper encapsulation, it is preferred to have liquid co-
acervates which can flow around or completely wrap the
internal phase particles or droplets. Of course, the coac-
ervate must wet the internal phase (i.e., be adsorbed by it)
if it is to form the capsule wall. As mentioned before, a key

Figure 6. Phase separation diagram for a polyelectrolyte system.
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feature of complex coacervation is that the supernatant or
equilibrium liquid formed is a dilute polymer solution,
whereas the coacervate is a polymer-rich phase (11—15%
solids) containing both polymers.

Two factors which affect complex coacervation are pH
and neutral salt ions. Because the ionic charge on gelatin
and gum arabic varies with pH, coacervation of these spe-
cies is sensitive to pH. Bungenberg de Jong (67) found that
coacervation of alkali-precursor gelatin (pi = 4.8) and gum
arabic occurred only between pH 2.0 and 4.8. At pHs out-
side this range no coacervate formed due to an imbalance
in electrostatic charges. Neutral salt ions decrease the co-
acervation tendency of two polymers. This is attributed to
the ability of such ions to screen the charged sites on the
polyions involved and thereby reduce their mutual attrac-
tion. For example, Bungenberg de Jong (67) reported that
0.02M CaCl2 or 0.035M KCl completely reverses coacer-
vation of gelatin and gum arabic at 4O0C. Suppression by
salts is stronger the higher the valence of the added ion.
Coacervation tendencies of gelatin and gum arabic also de-
crease with increasing initial concentrations of these poly-
ions. Such self-suppression of coacervation has been at-
tributed to an increase in ionic strength of the system due
to increased diffusible microion concentration. Veis (98) re-
ports that the volume of coacervate and fraction of gelatin
in the coacervate decreases uniformly with increasing con-
centration of gelatin for coacervate systems consisting of
two isoionic gelatins. The process of coacervation was first
treated theoretically by Overbeek and Voorn (99) and later
by Veis (98).

lnterfacial Phenomenon

Adsorption of polymers on the core phase is a key step in
encapsulation processes based on polymer phase separa-
tion phenomena. Thus we discuss were the surface free
energy (y, dynes/cm or ergs/cm2) effects that occur in such
processes.

Consider a case in which a droplet of liquid core mate-
rial (representing the active drug) is engulfed by a liquid
phase rich in polymer (i.e., the coacervate phase). Figure
7 is a schematic diagram of the process. Phase 1 is the drop
of core material being engulfed, Phase 3 is the coacervate
phase that is engulfing the core material, and Phase 2 is
the continuous (or supernatant) phase in which Phases 1
and 3 are dispersed. If Phase 1 is designated such that y12

> y23, the free energy change (AG3) that occurs when Phase
3 spreads over Phase 1 is:

AG3 = G a f t e r — ^before Q-J\

AG3 = y13 + y32 - 7i2

Because the spreading coefficient S3 is defined as -AG3:

(12)

Because the core material, coacervate, and supernatant
form a three-phase system, the spreading of Phase 1 over
Phase 2 and the spreading of Phase 2 over Phase 1 must
also be considered. The surface free energy change that
occurs on spreading of Phase 1 over Phase 2 is given by:

AG1 = G a f t e r - Gbefore = }>12 + V13 ~ 723 Q g )

51 = -A1 = J23 - (y12 + y13)

The surface free energy change that occurs on spreading,
of Phase 2 over Phase 1 is given by:

AG2 = Gafter ~ ^before = ?12 + ?23 ~ 713 Q 4 )

52 = -AG2 = y13 - (y12 + y23)

Therefore, three spreading coefficients (S1, S2, and S3) de-
scribe the equilibrium state of a three-phase system. The
three S values can have three sets of values (100):

S1 < O, S2 < O, S3 > O; S1 < O, S2 < O, S3

< O; S1 < O, S2 > O, S3 < O (15)

Figure 8 shows the equilibrium configurations that re-
sults for each of the above three sets of S values. Of great-
est significance to capsule-makers is that complete engulf-
ing of core material by the coacervate occurs only when S1

< O, S2 < O, S3 > O, that is, one must have:

51 < O = 723 - (y12 - y13)

52 < O = y13 - (712 + 723) (16)

£3 > O = y12 - (yia + 732)

In encapsulation systems involving polymer phase sep-
aration (coacervation), y23 usually is >0.2 dyne/cm. Be-
cause y23 is so small, it is reasonable to assume that ^23 «*
O. If this is done, and yl2 > y13, S3 is > O, S1 is <0, and S2

is <0. Thus, microcapsules form spontaneously. This is an
assumption, and this may be part of the reason why meth-
ods such as coacervation may fail to produce microspheres.

Complete
engulfing

Partial
engulfing

No engulfing

Figure 7. Schematic presentation of a three-phase system.

Figure 8. Schematic diagram showing the spreading coefficient,
S, necessary for (a) complete engulfing of an internal phase (1) by
a coacervate phase (3) in a continuous phase (2); (b) partial en-
gulfing; (c) no engulfing.
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But the new method to make double-walled microspheres
are more useful.

SOLVENT EVAPORATION

One of the oldest and most widely used methods of micro-
sphere preparation is the solvent evaporation technique
(18,36,75-80,101). This method yields drug-loaded poly-
mer particles that could be called microspheres when drug
loading is low or microcapsules when the drug loading is
high.

The solvent evaporation encapsulation process, de-
picted in Figure 9, is a way of precipitating small polymer
particles from an oil-in-water emulsion. The polymer is
dissolved in a volatile organic solvent that is immiscible
with water. Methylene chloride is a preferred solvent be-
cause of its high volatility (boiling point [bp] 410C) and its
capacity for dissolving a broad range of polymers. Table 5
lists a number of solvents that can be used and, it should
be noted that, many solvents suitable for this process have
a finite degree of water solubility, even though they are
normally classified as water-insoluble solvents. Mixed sol-
vents can also be used. The mixtures used so far tend to
contain a water-immiscible solvent (e.g., CH2CI2) and a
water-miscible solvent (e.g., acetone). The water-
immiscible solvent is the predominant component of the
mixture.

Once the desired coating polymer is dissolved in the or-
ganic solvent, the drug to be encapsulated is added to this
solution. The drug agent may be a solid (crystalline or
amorphous) or a nonvolatile liquid. The added drug may
completely dissolve in the polymer solution or it may be
completely insoluble and simply form a dispersion, sus-
pension, or suspension-emulsion. In the latter case, the
solid particles must be micronized so that their mean di-
ameter is much less than the desired mean microsphere
size. This is true for any encapsulation technique, and gen-
erally, a particle size /microsphere size ratio of 1:10 or less
is preferred. The solubility of the drug in the organic sol-
vent is also a major factor in determining the morphology
of microspheres produced by the solvent evaporation pro-
cess and the final state of the polymer itself (crystalline or
amorphous).

The drug/polymer/solvent mixture (i.e., the oil phase)
is emulsified in water to form an oil-in-water emulsion.
The size of the oil phase droplets obtained is determined
by how rapidly the system is agitated when the oil phase
is added to the aqueous phase, and determines the size of
the microspheres produced. Emulsification is carried out
in a blender if small microspheres are desired (<20//m) or
with a suspended agitator for larger microspheres. In order
to aid emulsification, a surfactant is normally dissolved in
the water phase before the oil-in-water emulsion is formed.
A good example is partially hydrolyzed (88%) poly( vinyl
alcohol) (PVA).

Once the desired oil phase droplet size and emulsion
stability have been obtained the system is stirred at a con-
stant rate and the solvent evaporates. This is the basis of
the name, because most of the solvent disappears by evap-
oration. Evaporation can occur in an open system at re-
duced pressure and range of evaporation temperatures can
be used. Once solvent evaporation appears to be complete,
the capsules are separated from the suspending medium
by filtration, washed, and dried. The maximum drying
temperature must remain below the glass-transition tem-
perature of the polymer encapsulant or the microspheres
fuse together. Although most of the process depends on
evaporation, some of the solvent may diffuse into the aque-
ous solution and then evaporate. The amount that diffuses
into the aqueous solution directly depends on the solubility
of the organic solvent in water.

The solvent evaporation process is conceptually simple,
but a large number of process variables exist which can
profoundly affect the nature of the product obtained.
Table 6 lists a number of such variables. How each of these
variables influences a given system must be determined
experimentally, although some general trends are known.
For example, semicrystalline polymers often give porous
structures with spherulites on the surface of the micro-
spheres. Uniform, pore-free spheres are most readily ob-
tained with amorphous polymers. If a polymer is not sol-
uble in a single solvent, mixed solvents can be used (e.g.,
CH2Cl2/ethanol or CH2Cl2/acetone mixtures).

One requirement of the solvent evaporation process is
that the active agent (i.e., drug) partition favorably into
the oil phase. This partitioning is favored by using active

Add to aqueous solution
containing surfactant while

stirring

Polymer dissolved
in organic solvent

Drug
particles Solvent

evaporation

Figure 9. Microencapsulation by solvent evapo-
ration. Note that the dark dots represent drug par-
ticles; however when the drug is water-soluble, an
additional step is required to prepare a water-in-
oil emulsion, which is later encapsulated as shown
here.

Separate and dry
microspheres

Next Page


	Front Matter
	Table of Contents
	Microencapsulation  -  Mucosal Drug Delivery, Vaginal Drug Delivery and Treatment Modalities
	Microencapsulation
	Key Words
	Outline
	Introduction
	Background
	Solvent Evaporation
	Complex Coacervation: Gelatin and Gum Arabic
	Organic Phase Separation: Coacervation
	Interfacial Polymerization
	Thermal Denaturation
	Gelation: Alginate
	Gelation Agarose
	Hot Melt Microencapsulation
	Solvent Removal
	Spray-Drying
	One-Step Formation of Double-Walled Microspheres
	Novel Encapsulation Techniques
	Applications of Microencapsulation
	Bibliography

	Microencapsulation for Gene Delivery
	Key Words
	Outline
	Introduction
	Background
	Fabrication Techniques
	In Vivo Applications
	Conclusion
	Bibliography
	Additional Reading

	Mucosal Drug Delivery, Buccal
	Key Words
	Outline
	The Structure of the Oral Mucosae
	Delivery to the Systemic Circulation
	Local Delivery to the Mouth
	Bibliography

	Mucosal Drug Delivery, Intravitreal
	Key Words
	Outline
	Introduction
	Vitreoretinal Diseases
	Drug Delivery Systems
	Conclusion
	Acknowledgments
	Bibliography

	Mucosal Drug Delivery, Nasal
	Key Words
	Outline
	Introduction
	Nasal Delivery: Historical and Behavioral Use
	Anatomy and Physiology of the Nose
	Toxicological Considerations
	Dosage Forms and Materials
	Metering and Insufflators
	Qualitative and Quantitative Aspects of Nasal Dose Delivery
	Penetration Enhancers and Bioadhesion
	Drugs Developed for Nasal Administration
	The Insulin Case and Future Developments: Vaccines and Brain Targeting Through the Nose
	Acknowledgments
	Bibliography

	Mucosal Drug Delivery, Ocular
	Key Words
	Outline
	Introduction
	Hydrogels
	Dispersed Systems
	Inserts
	Conclusion
	Bibliography

	Mucosal Drug Delivery, Vaginal Drug Delivery and Treatment Modalities
	Key Words
	Outline
	Introduction and Overview
	Vaginal Anatomy and Physiology
	Desirable Features of a Vaginal Drug Delivery System
	Reproductive System Pathologies and Treatment
	Topical Contraceptives
	Other Vaginal Drug Delivery Systems
	Veterinary Applications
	Design Factors in Controlled Release Intravaginal Veterinary Drug Delivery Systems
	Intravaginal Veterinary Drug Delivery Systems
	Future Demands and Requirements of Intravaginal Veterinary Drug Delivery Systems
	Bibliography


	Index



